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ABSTRACT 


Telemetry,  tracking,  and  command  (TT&C)  systems  on 
traditional  small  satellites  have  advanced  significantly  in 
capacity,  throughput,  and  complexity  over  the  last  several 
decades.  The  CubeSat  community  is  in  need  of  similar 
advancements.  The  Naval  Postgraduate  School  Solar  Cell 
Array  Tester  (NPS-SCAT)  seeks  to  provide  the  foundation  for 
advances  in  future  iterations  of  CubeSats  at  NPS .  This 
thesis  explains  the  design,  test,  and  integration  of  a  full 
TT&C  sub-system  for  NPS-SCAT.  The  satellite  will  have  two 
TT&C  systems  that  provide  full  telemetry  for  the  experiment 
through  a  primary  communications  channel  and  secondary 
telemetry  through  an  amateur  band  beacon.  The  thesis 
explains  the  development  of  the  concept  of  operations  for 
the  satellite  that  drove  the  data  requirements  provided  by 
the  TT&C  system.  The  thesis  also  explains  the  testing 
procedures  of  the  transceiver  and  the  design,  test,  and 
integration  of  the  primary  and  secondary  antennas . 
Finally,  the  thesis  explains  the  frequency  licensing 
process  through  the  Navy-Marine  Corps  Spectrum  Center  and 
the  Federal  Communications  Commission. 
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I  .  INTRODUCTION 

A.  THE  GROWTH  OF  THE  CUBESAT  COMMUNITY 

Since  the  formalization  of  the  CubeSat  standard  in 
1999  by  California  Polytechnic  State  University  and 
Stanford  University,  the  CubeSat  community  has  seen 
significant  growth  (Puig-Suari,  Turner,  &  Ahlgren,  2001,  p. 
4)  .  The  growth  can  be  partially  attributed  to  the  long 
design,  fabrication,  and  testing  timelines  associated  with 
traditional  small  satellite  programs .  The  lengthy 

timelines  create  difficulty  when  integrating  a  satellite 
program  into  an  academic  environment.  The  timelines  for 
small  satellites  are  not  conducive  to  traditional  student 
graduate  program  requirements,  and  do  not  permit  students 
to  see  a  satellite  program  development  effort  through  from 
its  inception  to  completion.  The  traditional  timelines 
could  potentially  complicate  a  Master's  Thesis  or  a 
Doctoral  Dissertation  that  relies  upon  experimental  results 
to  be  published  to  fulfill  degree  requirements. 

To  date,  there  have  been  five  batches  of  CubeSat 
launches,  and  one  solo  launch.  Those  batches  were 

comprised  of  30  1U  CubeSats,  three  2U  CubeSats,  and  five  3U 
CubeSats  (denMike,  2009) .  There  are  an  additional  three 
batches  scheduled  to  launch  in  2009  on  various  platforms, 
and  are  comprised  of  16  1U  CubeSats  and  one  3U  CubeSat. 
There  are  also  more  than  20  documented  1U  CubeSats  in 
varying  stages  of  development,  and  perhaps  many  more  that 
have  not  been  formally  introduced.  CubeSats  are  being 
developed  in  every  corner  of  the  scientific  community: 
international  and  domestic;  commercial,  academic,  and 
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government;  and  public  and  private.  However,  government 
involvement  in  the  CubeSat  community  has,  until  recently, 
been  limited. 

B.  THE  NAVAL  POSTGRADUATE  SCHOOL  SMALL  SATELLITE  PROGRAM 

The  first  autonomous  satellite  from  the  Naval 
Postgraduate  School  was  conceived  in  March  1989.  The 
Petite  Navy  Satellite  (PANSAT)  was  then  launched  in  October 
1998,  ten  years  after  original  conception.  Efforts  for  the 
follow-on  to  PANSAT,  the  Naval  Postgraduate  School  (NPS) 
Spacecraft  Architecture  and  Technology  Demonstration 
Satellite  (NPSAT1)  were  initiated  in  1999,  and  have 
resulted  in  a  planned  2010  launch  date.  Both  of  these 
satellites  have  significantly  enhanced  the  educational  and 
professional  growth  of  student  military  officers  in  the 
Space  Systems  Curriculums  at  NPS.  PANSAT  contained  all  the 
traditional  satellite  subsystems,  except  attitude  control, 
and  included  an  experiment  that  provided  a  global  messaging 
system  that  used  spread  spectrum  techniques  within  the 
amateur  band.  NPSAT1  also  was  similarly  built,  and 
included  six  experiments  (Koerschner,  2008,  p.  2)  .  PANSAT 
resulted  in  more  than  50  Masters  Theses  at  NPS  and  NPSAT1 
has  resulted  in  many  more.  Both  satellites  were  extremely 
valuable  to  the  NPS  learning  environment  and  were 
relatively  complex  in  their  design. 

The  introduction  of  the  CubeSat  standard  ushered  in 
new  opportunities  to  further  reduce  the  complexity  of 
satellites.  The  reduced  satellite  complexity  thereby 
offers  increased  student  opportunities  for  hands-on 
learning  through  the  design  and  integration  of  a  satellite 
and  its  subsystems  over  a  shorter  development  timeline.  As 
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the  CubeSat  program  at  NPS  matures,  it  is  conceivable  that 
a  student  could  experience  the  majority  of  the  program 
lifetime,  from  its  feasibility  study,  through  its  design, 
and  to  its  system  integration  and  potentially  its  launch 
during  an  academic  tour  at  NPS.  The  more  comprehensive 
programmatic  experience  offered  by  a  CubeSat  will  enhance 
the  academic  and  professional  development  of  the  students 
at  NPS  and  the  effectiveness  of  the  Professional  Military 
Space  community. 

C.  THE  NAVAL  POSTGRADUATE  SCHOOL  CUBESAT  PROGRAM 

The  first  CubeSat  at  NPS  is  the  NPS  Solar  Cell  Array 
Tester  or  NPS-SCAT.  The  satellite  is  a  1U  or  10 

centimeters  cubed  satellite.  To  maintain  the  simplicity  of 
the  program,  the  payload  for  the  satellite  is  taken 
directly  from  NPSAT1.  The  similarities  will  allow  NPS-SCAT 
to  harness  some  of  the  technical  expertise  on  Solar  Cell 
Array  Testers  within  NPS  and  focus  more  attention  on  the 
subsystem  design  and  the  systems  integration  processes.  By 
focusing  on  the  subsystem  design  for  NPS-SCAT,  the  program 
will  establish  a  baseline  subsystem  that  will  be  leveraged 
in  future  CubeSats  that  can  be  incrementally  improved  upon. 
Once  the  baseline  is  established,  future  CubeSats  will  be 
designed,  built,  and  integrated  over  a  shorter  timeframe 
and  students  and  researches  can  focus  more  on  the 
experiments  within  the  CubeSat. 

One  of  the  critical  enabling  subsystems  for  the  NPS 
CubeSat  baseline  is  the  communications  system.  The 

communications  system  will  ultimately  allow  for  the 
transfer  of  experimental  data  as  well  as  the  command  and 
control  of  the  satellite.  CubeSat  programs  throughout  the 
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community  have  demonstrated  mixed  success  with  their 
communications  systems.  There  is  not  a  common  variable 
that  can  be  identified  for  the  success  or  failure  of  these 
programs,  but  it  is  useful  to  briefly  explain  the  details 
of  previous  programs,  those  that  are  in  design  phase,  and 
the  future  of  the  community. 

NPS-SCAT  may  be  scheduled  to  launch  aboard  a  Space 
Transportation  System  (STS)  flight  in  2010.  Secondary 
payloads  aboard  the  space  shuttle  are  launched  using  the 
Space  Shuttle  Payload  Launcher  (SSPL) .  The  launcher 

dimensions  are  5  inches  by  5  inches  by  10  inches,  more  than 
4000  cubic  centimeters  volume  ( Schulenburg,  2008,  p.  8)  .  A 
1U  Cubesat  has  dimensions  of  10  centimeters  by  10 
centimeters  by  10  centimeters,  or  1000  cubic  centimeters 
volume.  This  presented  a  systems  integration  issue  and 
potentially  an  opportunity.  There  were  several  concepts 
developed  to  provide  an  interface  from  the  SSPL  to  NPS- 
SCAT.  The  first  concept  was  a  simple  sleeve  that  would 
eject  from  the  SSPL  and  launch  two  CubeSats,  as  shown  in 
Figure  1 . 
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Figure  1.  First  SSPL  Adapter  Concept  (From 
Schulenburg,  2008,  p.  8) 

The  simple  adapter  concept  that  was  first  explored, 
wastes  volume  that  can  be  used  for  other  experiments. 
Simply  transforming  the  adapter  into  another  functioning 
satellite  creates  additional  volume  that  would  not 
otherwise  be  available  in  a  1U  CubeSat.  The  additional 
volume  is  gained  as  a  result  of  no  longer  requiring  the 
feet  on  the  second  satellite,  and  the  volume  that  is  lost 
by  extending  the  feet  beyond  the  main  structure.  Instead, 
that  volume  can  be  completely  cubed  out  and  used  for  other 
payloads  or  sub-systems.  The  design  for  the  second  concept 
is  shown  in  Figure  2 . 
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Figure  2.  Second  SSPL  Adapter  Concept  (From 

Schulenburg,  2008,  p.  8) 

Regardless  of  which  concept  was  chosen,  it  was  decided 
that  NPS-SCAT  would  adhere  to  the  ICD  for  the  Poly 
Picosatellite  Orbital  Deployer  (P-POD)  Mk  III  and,  thus, 
allow  the  satellite  to  deploy  in  a  conventional  launch 
vehicle,  if  the  STS  opportunity  did  not  materialize  (Lan, 
2007,  p.  3)  .  The  second  concept  was  chosen  based  on  its 
ability  to  potentially  provide  extra  volume  for  additional 
experiments.  The  second  satellite  was  named  NPS-SCAT++  and 
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will  have  identical  functionality  to  NPS-SCAT.  It  will 
also  contain  two  risk  mitigation  experiments  for  another 
CubeSat  program  at  NPS .  The  first  is  a  CubeSat  Class 
Momentum  Exchange  Device  that  will  allow  a  CubeSat  to  have 
an  Attitude  Determination  Control  System.  The  second  risk 
mitigation  experiment  is  an  innovative  release  mechanism 
that  will  allow  the  door  on  NPS-SCAT++  to  release  and  eject 
NPS-SCAT. 

D.  A  BRIEF  HISTORY  OF  CUBESAT  COMMUNICATIONS  SYSTEMS 

1.  Pletsak  Launch:  June  30,  2003 

The  first  batch  of  CubeSats  launched  June  30,  2003,  on 

a  Eurockot  launch  vehicle  from  Pletsak,  Russia,  contained  a 
wide  array  of  CubeSats  with  diverse  communications  systems 
suites  (denMike,  2009) .  Two  characteristics  that  were 
common  among  the  CubeSats,  were  the  use  of  the  AX.  25  Link 
Layer  Protocol  specification  and  the  frequency  range  from 
432-438  MHz  in  the  Amateur  radio  band  (AM) .  The  only 
deviation  from  the  AX. 25  protocol  was  the  CanX-1  satellite 
due  to  the  proprietary  nature  of  the  information  it  was 
collecting.  The  choice  of  this  widely  used  protocol 
allowed  amateur  radio  operators  worldwide  to  collect 
information  from  the  satellites  and  enhance  the  ground 
station  effort.  By  utilizing  the  amateur  radio  community, 
the  satellites  could  potentially  transmit  more  data,  thus 
provide  more  utility,  if  the  data  could  be  effectively  re¬ 
assembled  by  the  ground  station.  Generally,  the  CubeSats 
used  a  Commercial  Of f-the-Shelf  (COTS)  radio,  and  modified 
it  for  use  in  space.  The  only  published  exception  from  the 
use  of  COTS  equipment  was  the  Japanese  CubeSat  XI-IV,  which 
used  a  transceiver  and  beacon  that  was  developed  within  the 
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University.  However,  the  first  three  development  versions 
of  the  satellite  integrated  a  COTS  transceiver  until  the 
flight  model  was  ready  (Klofas  &  Anderson,  2008,  p.  10)  . 

The  results  from  the  first  batch  of  CubeSats  have  been 
mixed.  The  two  Japanese  satellites,  Cute-1  and  XI-IV,  were 
perhaps  the  most  successful,  as  they  were  still  sending 
telemetry  data  in  March  2009,  and  had  provided  a 
significant  amount  of  downlinked  telemetry.  QuakeSat-1  can 
also  be  considered  a  success  because  it  worked  for  more 
than  seven  times  the  design  life  of  six  months,  and 
provided  significant  useable  data.  CanX-1  and  DTUsat-1, 
however,  never  functioned  on  orbit  and  AAU1  had  a 
significantly  decreased  lifetime,  due  to  battery  packaging 
problems,  and  a  degraded  communications  system  that  led  to 
only  beacon  packets  being  transmitted  for  the  life  of  the 
satellite.  The  most  notable  characteristic  for  the  launch, 
is  the  use  of  dedicated  beacon  transmitters  by  the  two 
Japanese  satellites  Cute-1  and  XI-IV.  These  satellites 
also  utilized  dedicated  antenna  designs  for  the  transceiver 
and  the  beacon,  monopoles  for  Cute-1,  and  dipoles  for  XI-IV 
that  worked  well  (Klofas  &  Anderson,  2008,  p.  13)  . 

2.  Pletsak  Launch:  October  27,  2005 

The  second  batch  of  satellites  were  launched  aboard 
the  SSETI  Express  launch.  Again,  the  satellites  all 
operated  in  the  Amateur  (AM)  Band  and  used  the  amateur 
AX. 25  protocol  to  simplify  the  ground  station  operation  and 
increase  the  number  of  worldwide  downlink  points.  Though 
the  types  of  transceivers  is  unknown,  it  is  known  that 
NCube-2  and  UWE-1  utilized  commercial  transceivers  and  the 
XI-V  satellite  family  (identical  to  XI-IV  in  every  aspect) 
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continued  to  use  the  transceivers  and  beacons  developed 
within  the  University  of  Tokyo. 

NCube-2  never  transmitted  to  its  ground  station,  and 
was  declared  dead  on  orbit.  XI-V  and  UWE-1  both  functioned 
as  intended  and  utilized  monopole  antennas  for  their 
communications  subsystem.  Again,  the  Japanese  Satellite 
XI-V  used  a  beacon  to  provide  redundancy  (denMike,  2009) . 

3.  Baikonur,  Kazakhstan:  July  2006 

The  launch  aboard  the  Dnepr  Launch  Vehicle  contained 
five  P-PODs  that  then  housed  14  CubeSats.  The  missions 
suffered  a  launch  vehicle  failure  and  as  a  result  all  of 
the  CubeSat  payloads  as  well  as  several  other  satellites 
were  lost  (Clark,  2006)  .  Common  characteristics  among  the 
satellites  were  the  use  of  the  AX.  25  protocol  within  the 
432-438  MHz  AM  Band.  The  only  deviations  from  the  standard 
within  the  launch  were  the  MEROPE  by  Montana  State 

University  which  utilized  the  AX. 25  protocol  and  operated 
within  the  AM  Band,  but  at  a  significantly  lower  frequency 
(144-146  MHz  range)  (Hunyadi,  Klumpar,  Jepsen,  Larsen,  & 
Obland,  2002,  p.  1)  and  the  AeroCube-1  that  operated  in  the 
Amateur  Band  between  902-928  MHz  (California  Polytechnic 
University,  2006) .  Most  of  the  satellites  utilized 

monopole  or  dipole  antennas .  Notable  exceptions  were  the 
use  of  a  patch  antenna  by  ICE  Cubes  1  and  2  from  Cornell 
University  (Hammer,  et  al .  ,  2003,  p.  21)  and  the 

incorporation  of  an  active  antenna  array  on  Mea  Huaka  from 
the  University  of  Hawaii  as  part  of  the  experimental 
payload  (Fujishige,  et  al .  ,  2002,  p.  3).  This  batch  of 

satellites  also  began  to  incorporate  the  use  of  an  attitude 
control  system.  At  least  eight  of  the  satellites  included 


9 


either  magnetorquers,  hysteris  rods,  or  electronic 
propulsion  systems  in  the  satellite  (denMike,  2009) .  The 
use  of  stablizing  devices  in  Cubesats  could  significantly 
improve  the  capabilities  of  the  communications  subsystem 
and  allow  a  link  to  be  closed  with  a  reduction  in  power 
using  a  higher  data  rate  (Wertz  &  Larson,  1999,  p.  313) . 

4.  Baikonur,  Kazakhstan:  April  2007 

The  fourth  major  CubeSat  launch  contained  several 
unique  elements  as  Boeing  entered  the  fray  of  the  CubeSat 
community  with  their  entry  of  CTSB-1  and  three  tethered 
CubeSats  designated  as  MAST  were  launched  by  Tethers 
Unlimited.  Aerospace  Corporation  also  launched  their 
second  CubeSat  and  California  Polytechnic  Institute 
Launched  CP3  and  CP4,  their  third  and  fourth  CubeSat 
(California  Polytechnic  Institute,  2007) . 

CTSB-1,  AeroCube-2,  and  MAST  utilized  proprietary 
packet  protocols  for  their  missions.  These  missions  were 
also  unique  in  their  use  of  the  frequency  spectrum  and  the 
licensing  requirements  associated.  CTSB-1  used  an 
experimental  license  and  operated  at  400.0375  MHz,  a 
traditional  satellite  communications  carrier  (National 
Telecommunications  and  Information  Administration,  2008), 
AeroCube-2  used  a  frequency  between  902-928  Megahertz  using 
an  Industrial,  Scientific,  and  Medical  (ISM)  license 
(Klofas  &  Anderson,  2008,  p.  16),  and  MAST  used  a  Microhard 
MHX2400  transceiver  operating  at  2.4  Gigahertz  (Newton, 
2009) 

The  remaining  satellites  in  the  flight  continued  to 

use  the  AX. 25  Protocol  along  with  frequencies  within  the 

432-438  MHz  portion  of  the  AM  Band.  These  satellites  have 
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had  a  mixed  rate  of  success.  Essentially  all  of  the 
satellites  have  established  communications  with  the  ground. 
The  exceptions  are:  CAPE,  which  was  integrated  with  a  non¬ 
functioning  receiver  due  to  time  constraints  and  Libertad- 
1,  which  had  a  non-functioning  ground  station  when  it  was 
launched  and  the  university  personnel  were  not  able  to 
complete  repairs  in  time  to  communicate  with  the  satellite 
(Klofas  &  Anderson,  2008,  p.  18)  .  The  remainder  had 

downlinked  telemetry  from  several  hundred  kilobytes  to 

several  megabytes  over  the  course  of  a  year  (Klofas  & 
Anderson,  2008,  p.  5). 

5.  Satish  Dhawan  Space  Centre,  India:  April  28,  2008 

The  first  launch  of  multiple  CubeSat  outside  of  the 
Former  Soviet  Union  consisted  of  satellites  from  Canada, 
Europe,  and  Japan.  The  satellites  were  launched  using  an 
XPOD  on  a  flight  coordinated  by  the  University  of  Toronto 
Institute  for  Aerospace  Studies  (Chin,  Coelho,  Brooks, 
Nugent,  &  Suari,  2008,  p.  8).  Notably,  the  Canadian 

Mission  of  CanX-2  focused  on  the  development  of  future 

systems  for  other  CanX  flights;  Delfi-C3  from  Delft 
University  of  Technology  in  Holland  was  deployed  to  test 
wireless  link  data  transfer  within  the  satellite  and  new 
thin  film  solar  cells;  and  Nihon  University  deployed  SEEDS, 
a  satellite  similar  to  one  destroyed  in  the  DNEPR  Launch 
Vehicle  failure  in  July  2006. 

Every  satellite  within  the  fifth  batch  used  the  432- 

438  MHz  portion  of  the  AM  band  for  part  of  its 

communications  subsystem.  CanX-2  also  used  the  2.390-2.450 
GHz  portion  of  the  Amateur  band  for  an  additional  downlink 
using  a  modified  AX.  25  protocol  that  the  design  team  named 
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the  Nanosatellite  Protocol  (NSP) .  CanX-2  used  two  patch 
antennas  for  the  S-Band  transceiver  and  a  quad-canted 
turnstile  antenna  for  the  downlink  in  the  70-centimeter 
band  (Tuli,  Orr,  &  Zee,  2006,  p.  2).  CUTE  1.7  +  APD  II 
used  the  Amateur  frequencies  available  from  1240-1300 
Megahertz  for  its  uplink  and  maintained  the  AX. 25  protocol 
for  its  transmissions  (Tokyo  Institute  of  Technology, 
2008)  .  At  the  time  of  this  thesis,  all  the  satellites 
launched  in  the  fifth  batch  were  still  in  operation  and 
transmitting  to  the  ground  station. 

6 .  Separate  Launches :  CUTE  1.7  +  APD  and  GeneSat  1 

Individual  CubeSat  launches  have  been  rare.  They  have 
made  up  less  than  ten  percent  of  the  total  CubeSat  volume 
launched.  Cute  1.7  +  APD  is  a  2U  CubeSat  that  was  launched 
from  Japan  and  tested  an  upgrade  to  the  Tokyo  Pico- 
satellite  Orbital  Deployer  (T-POD)  that  could  accommodate 
2U  CubeSats  (Chin,  Coelho,  Brooks,  Nugent,  &  Suari,  2008). 
GeneSat  1  was  a  joint  project  between  NASA  and  academia 
that  sought  to  "validate  the  use  of  research  quality 
instrumentation  for  in  situ  biological  research  and 
processing  (Mas  &  Kitts,  2007,  p.  1) . "  The  primary 
telemetry,  tracking,  and  command  link  for  GeneSat  was  a 
Microhard  MHX-2400  Frequency  Hopping  Spread  Spectrum  Radio 
operating  at  2.44  GHz  and  transmitted  through  a  patch 
antenna.  GeneSat  also  used  a  beacon  operating  in  the 
Amateur  Band  from  432-438  MHz  to  serve  as  a  risk  reduction 
for  the  Microhard  Radio,  and  to  provide  Amateurs  the 
opportunity  to  collect  satellite  information  (Mas  &  Kitts, 
2007,  p.  2)  .  CUTE  1.7  +  APD  had  a  lifetime  of  several 

months  and  successfully  transmitted  mission  information  to 
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the  ground  station.  GeneSatl  was  also  successful  and 
downloaded  the  500  Kilobytes  required  for  its  primary 
mission  and  continues  to  transmit  beacon  information 
(Klofas  &  Anderson,  2008,  p.  5). 

7.  Wallops,  Maryland:  June  2009 

The  second  batch  of  United  States  based  launch  of 
CubeSats  will  include  NASA's  second  CubeSat,  Pharmasat-1; 
Aerocube-3;  Hawksat-1;  and  CP6  from  California  Polytechnic 
State  University  aboard  a  Minotaur-1  rocket  (Chin,  Coelho, 
Brooks,  Nugent,  &  Suari,  2008,  p.  6).  Pharmasat's 

subsystems  will  be  largely  the  same  as  Genesat.  NASA  has 
developed  a  Microsatellite  Free  Flyer  program  that  will 
leverage  a  standard  subsystem  baseline  in  1U  of  the  cube 
and  allow  various  payload  configurations  in  the  remaining 
2U  of  the  satellite  (National  Aeronautics  and  Space 
Administration,  2008) .  Aerocube-3  and  Hawksat-1  do  not 
publish  information  regarding  the  project.  CP6  has  also 
limited  information  on  the  subsystems  available  to  the 
public.  However,  based  on  the  published  frequencies  and 
available  computer  assisted  drawings  of  CP6  and  Hawksat-1, 
it  can  be  assumed  that  the  communications  systems  use  a 
half-wave  dipole  antenna  and  transmit  in  the  432-438 
portion  of  the  AM  band. 

E.  FUTURE  CUBESAT  COMMUNICATIONS  SYSTEMS 

The  majority  of  CubeSat  projects  that  are  planned  to 
launch  in  the  next  two  years  utilize  transceivers,  beacons, 
or  both  that  continue  to  operate  in  the  432-438  Megahertz 
portion  of  the  Amateur  Band.  They  also  continue  to  use  the 
AX. 25  protocol.  There  are  also  several  that  plan  to 
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operate  at  frequencies  up  to  2.4  GHz  and  as  low  as  145  MHz. 
Currently  there  are  not  any  formal  programs  that  plan  to 
deviate  from  the  previously  used  frequencies  in  the  CubeSat 
community.  Conceptual  CubeSat  programs  could  use  higher 
frequencies  in  either  the  C-Band  or  X-Band  and  further 
reduce  the  size  and  mass  of  the  transceiver  and  the  antenna 
and  gain  additional  bandwidth  to  support  payloads  that  have 
a  significant  data  downlink  requirement.  The  designers 
would  have  to  consider  the  utility  of  additional  bandwidth 
and  decreased  size  and  weight  against  increased  power 
requirements  to  close  the  link  with  the  ground  station  as 
the  energy-per-bit  is  decreased  for  the  same  power 
consumption.  As  CubeSat  power  generation  systems  become 
more  effective  and  the  satellites  achieve  three  axis 
stability,  higher  operating  frequencies  become  increasingly 
feasible  while  permitting  smaller  components  and  increased 
antenna  gain. 

Though  there  is  no  developmental  work  leading  to  near- 
term  changes  in  the  frequencies  in  which  CubeSats  are 
operating,  there  has  been,  and  will  continue  to  be, 
development  within  systems  used  in  the  ground  station 
network.  The  ground  station  network  for  CubeSats  is  a 
critical  component  because  it  ultimately  leads  to  the 
success  or  failure  of  the  mission.  Libertad-1  is  an 
excellent  example  of  a  program  that  was  able  to  take 
advantage  of  the  amateur  ground  station  network.  The 
university's  ground  station  never  functioned  during  the 
lifetime  of  the  satellite.  Despite  this,  the  satellite  was 
able  to  transmit  and  was  heard  by  the  amateur  community 
worldwide  (Klofas  &  Anderson,  2008,  p.  6)  .  Theoretically, 


the  more  ground  stations  that  a  CubeSat  can  transmit  to, 

14 


the  more  information  it  will  be  able  to  pass  to  the 
principal  investigator  of  a  program.  The  ultimate  goal  is 
to  network  ground  stations  so  that  a  CubeSat  can  begin 
transmitting  its  downlink  information  as  soon  as  it  has 
commenced  start  up  operations  not  when  just  when  it  is  in 
view  of  the  developer's  ground  station  and  continue  until 
all  the  intended  data  has  been  downlinked.  The  satellite 
will  just  be  transmitting  the  information  to  different 
ground  stations  that  are  active  during  its  entire  pass. 
Basic  experiments  have  been  conducted  using  this  concept 
and  have  demonstrated  that  the  time  to  transmit  the 
information  can  be  reduced  by  as  much  as  seventy  percent 
(Klofas  B.,  2006,  p.  4)  .  This  concept  is  actively  being 

pursued  by  the  European  Space  Agency' s  GENSO  program  as 
well  as  Professor  James  Cutler  at  the  University  of 
Michigan  (James  &  Boone,  2009)  . 


15 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


16 


II.  SOLAR  CELL  ARRAY  TESTER  COMMUNICATIONS  SYSTEM 

REQUIREMENTS 


A.  DATA  REQUIREMENTS 

1 .  Data  Overview 

The  ultimate  purpose  of  a  satellite  communication 
subsystem  is  to  "allow  the  satellite  to  function  by 
carrying  tracking,  telemetry,  and  command  data  (TT&C)  or 
mission  data  between  its  elements  (Wertz  &  Larson,  1999,  p. 
381)  The  complexity  of  the  system  is  heavily  driven  by 
the  amount  of  TT&C  that  the  satellite  and  the  ground 
station  require.  Though  the  requirement  can  be  flexible, 
depending  on  where  processing  for  the  mission  takes  place, 
there  is  a  minimum  baseline  that  defines  mission  success. 

In  the  case  of  NPS-SCAT,  the  data  baseline  is  defined 
by  the  receipt  of  data  that  is  collected  by  the  Solar 
Measurement  System  and  basic  system  health  data  that  allows 
the  program  to  accurately  characterize  the  sub-system 
design  before  future  iterations  are  launched.  The  data 
will  be  generated  by  the  Solar  Measurement  System,  the 
Clyde-Space  1U  CubeSat  Electrical  Power  System,  temperature 
sensors  placed  throughout  the  spacecraft,  and  the  FM430 
Flight  Module.  Two  versions  of  telemetry  have  been 
identified:  primary  telemetry  and  secondary  telemetry. 
Primary  telemetry  will  include  all  measurements  by  the 
Solar  Measurement  System  and  comprehensive  system  health. 
Secondary  telemetry  will  include  an  abbreviated  weekly 
measurement  by  the  Solar  Measurement  System  and 
instantaneous  system  health  measurements. 
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2. 


Solar  Measurement  System 


The  payload  for  NPS-SCAT  is  a  Solar  Cell  Measurement 
System  that  allows  the  satellite  to  measure  voltages, 

currents,  and  temperatures  produced  from  the  four 

experimental  solar  cells  and  correlate  the  measurements 

with  a  sun  angle  obtained  from  a  Sinclair  Interplanetary 
Two-Axis  Digital  Sun  Sensor.  The  system  generates  I-V 
curves  based  on  the  measurements.  The  curve  in  Figure  3, 
contains  sufficient  data  point  to  characterize  the  solar 

cells  and  their  efficiency,  the  ultimate  goal  of  the 
project . 
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The  curve  is  useful  because  the  open  circuit  voltage 
was  represented,  the  short  circuit  current  was  represented, 
and  the  knee  of  the  curve  can  be  accurately  interpreted 
because  there  are  sufficient  data  points.  Based  on 
analysis  conducted  within  the  program,  it  was  deemed  that 
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Figure  3.  Sample  I-V  Curve 
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one-hundred  data  points  were  sufficient  for  to  define  a 
full  I-V  curve  and  fifteen  data  points  were  sufficient  for 
an  abbreviated  I-V  curve.  An  abbreviated  I-V  curve  would 
still  allow  the  program  to  monitor  the  efficiency  of  the 
solar  cells  over  the  life  of  the  satellite.  The 

abbreviated  I-V  curve  is  the  minimum  number  of  points 
required  to  understand  the  current  efficiency  of  the  solar 
cell  and  would  provide  open  circuit  voltage,  short  circuit 
current  and  a  sufficient  number  of  points  to  accurately 
characterize  the  knee  of  the  curve.  Temperatures  are 
measured  throughout  the  satellite  and  are  measured  at  each 


solar  cell 

in  order 

to  better 

quantify 

the  effect 

of 

temperature 

on  the 

efficiency 

of  the 

panel . 

The 

temperatures 

measured 

on  the  prototype  are  included 

in 

Figure  2  and 

reflect 

temperatures 

on  four 

different  faces 

of  the  satellite  at  any  point  on  the  graph. 
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Figure  4.  NPS-SCAT  Solar  Panel  Temperatures 

The  flight  version  will  contain  more  instrumentation 
throughout  the  satellite  in  addition  to  the  temperature 
sensors  installed  on  the  same  face  as  the  experimental 
solar  cells. 

3.  Clyde-Space  1U  Electrical  Power  Subsystem 

The  purpose  of  the  Electrical  Power  Subsystem  (EPS)  is 
to  store,  distribute,  and  control  spacecraft  power  (Wertz  & 
Larson,  1999,  p.  303).  In  this  respect,  the  EPS  is  a 
critical  enabler  of  the  communications  subsystem.  However, 
the  EPS  can  also  generate  data  that  allows  the  ground 
station  to  monitor  its  performance  as  well  as  the  overall 
performance  of  the  satellite.  This  data  is  critical  to 
properly  managing  the  satellite  operations,  performance, 
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and  better  understanding  the  conditions  that  could 
potentially  affect  future  satellite  design.  This  becomes 
even  more  critical  in  a  CubeSat  design  because  of  the 
limited  power  availability  for  generation,  as  well  as 
storage.  For  NPS-SCAT,  the  data  generated  and  collected  by 
the  EPS  will  affect  the  operations  over  the  life  of  the 
satellite  and  will  drive  future  CubeSat  designs  that  seek 
to  leverage  the  baseline  subsystem  design  developed  for  the 
CubeSat  Program. 

There  are  several  specific  measurements  that  will  be 
recorded  and  stored  for  the  occasions  that  primary 
telemetry  is  transmitted.  The  measurements  are  delineated 
by  the  four  modes  that  the  spacecraft  operates  during: 
sampling,  transmission,  beacon,  and  eclipse.  The  specific 
definition  of  the  modes  will  be  addressed  in  Paragraph  B, 
SCAT  Concept  of  Operations,  and  Appendix  A.  For  each  mode 
the  EPS  will  record  the  beginning  battery  voltage,  ending 
battery  voltage,  and  the  current  draw  for  each  subsystem 
during  its  operation.  These  measurements  will  be  stored 
for  transmission  with  primary  telemetry  to  the  ground 
station.  The  measurements  will  allow  the  CubeSat  program 
to  adjust  future  CubeSat  designs  based  on  actual 
operational  data  and  thus  adjust  the  baseline  subsystem 
design  to  be  more  effective. 

4 .  Temperature  Sensors 

Another  source  of  data  that  is  important  to 
understanding  the  satellite's  performance  and  preparing  for 
future  iterations  of  the  CubeSat  design  at  NPS  are  the 
temperature  sensors  located  throughout  the  system.  The 
temperature  sensors  will  primarily  allow  the  project  to 
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more  accurately  characterize  the  efficiency  of  the  solar 
cells.  These  sensors  also  allow  the  satellite  to  determine 
which  solar  panel  is  in  the  sun  and  activate  the  payload  at 
the  correct  time,  and  allow  the  ground  operations  to 
understand  the  temperature  variations  throughout  the 
satellite  and  to  validate  the  thermal  design  estimates. 
Some  temperature  measurements  will  be  embedded  within  the 
I-V  Curve  data  and  will  then  become  part  of  both  the 
primary  and  secondary  telemetry.  Other  temperature 
measurements  will  be  recorded  for  the  various  operational 
conditions  and  transmitted  with  the  primary  telemetry. 
Real  time  measurements  will  also  be  transmitted  with  the 
secondary  telemetry  to  provide  a  current  status  of  the 
satellite  through  the  beacon  transmission. 

5.  FM430  Flight  Module 

The  FM430  flight  module  is  the  processor  for  the 
satellite.  All  telemetry  generated  within  the  satellite 
will  be  sent  to  the  FM430  and  processed  as  necessary.  Once 
the  telemetry  is  processed  the  FM430  will  route  data  to  the 
correct  communications  subsystem  for  transmission  to  the 
ground.  Though  the  FM430  does  not  generate  much  original 
data,  it  is  a  critical  component  to  the  functioning  of  the 
communications  subsystems. 

B.  SCAT  CONCEPT  OF  OPERATIONS 

1 .  Overview 

To  acquire  the  necessary  telemetry,  the  project  team 
developed  a  concept  of  operations.  The  concept  of 
operations  was  tailored  within  the  scope  of  the  data 
requirements,  the  satellite  operational  capabilities,  and 
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the  overall  intent  of  the  experiment.  The  initial  concept 
of  operations  allowed  the  software  engineer  to  progress 
through  the  software  development  iteration  and  further 
refine  the  flight  software.  The  team  divided  states  of 
operation  into  initial  modes :  Start-Up  Operations  and 
Normal  Operations .  Normal  Operations  was  then  subdivided 
into  four  additional  modes:  Transmission  Mode,  Sun  Mode, 
Eclipse  Mode,  and  Beacon  Mode.  The  modes  within  normal 
operations  were  not  mutually  exclusive  and  are  further 
defined  in  the  in  the  following  paragraphs.  An  extended 
dialogue  with  assumption  and  graphical  depiction  are 
contained  in  Appendices  A  and  B. 

2 .  Start-Up  Operations 

The  team  defined  Start-Up  Operations  as  the  time  from 
which  NPS-SCAT  is  launched  from  NPS-SCAT++.  At  the  time  of 
deployment,  the  FM430  Flight  Module  is  powered  on  and  the 
satellite  begins  operations  with  a  four-hour  timer.  The 
intent  of  the  timer  is  to  allow  the  satellite  to  fully 
charge  its  batteries  over  the  course  of  several  orbits  and 
prepare  for  normal  operations .  Normal  Operations  may  be 
initiated  after  four  hours  if  the  battery  voltage  exceeds  a 
threshold.  If  the  satellite  progresses  through  more  than 
three  four-hour  cycles  and  does  not  exceed  the  minimum 
required  battery  voltage,  then  it  will  transition  to  Normal 
Operations  in  order  to  prevent  the  satellite  from  remaining 
in  Start-Up  Operations  indefinitely.  Start-Up  Operations 
may  also  be  entered  from  Beacon  Mode  if  the  battery  voltage 
drops  below  the  required  threshold  to  maintain  operations . 
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3. 


Normal  Operations 


Normal  Operations  is  the  state  that  the  satellite  is 

intended  to  operate  in  for  the  majority  of  its  useful 
lifetime.  Normal  Operations  facilitate  the  functioning  of 
the  payload,  the  periodic  transmission  of  abbreviated 
telemetry  from  the  beacon,  the  transmission  of  primary 
telemetry  from  the  primary  transceiver,  and  the  operations 
in  eclipse.  Each  mode  exists  within  Normal  Operations  and 
can  be  nested  within  other  modes  if  necessary.  From  Start- 
Up  Operations,  Normal  Operations  will  first  query  the 
primary  radio  to  see  if  the  satellite  is  receiving  a 
transmission.  If  this  is  true,  then  the  satellite  will 
proceed  to  Transmission  Mode.  If  the  spacecraft  is  not 
receiving  a  transmission,  then  the  system  will  determine  if 

the  satellite  is  in  the  sun  or  eclipse  by  checking  the 

voltage  of  the  solar  cells  against  the  voltage  of  the 
batteries.  The  normal  operating  voltage  of  the  solar  cells 
is  5.4  Volts  and  the  battery  is  8  Volts  fully  charged.  If 
there  is  more  voltage  at  the  batteries,  then  the  spacecraft 
is  in  eclipse  and  the  software  scheduler  will  transition 
the  system  to  eclipse  mode.  If  there  is  a  charging  current 
from  the  solar  cells,  then  the  software  will  check  to  see 
if  the  Z-Axis  is  producing  current,  if  not,  the  scheduler 
will  assume  control.  If  the  Z-Axis  is  producing  voltage, 
then  the  software  will  check  to  see  which  Z  face  is  warmer 
and  infer  which  face  is  illuminated  by  the  sun.  Once  all 
the  states  are  known  by  the  software  the  schedule  will 

transition  the  satellite  to  the  appropriate  mode.  The  modes 
are  further  defined  below. 


a. 


Transmission  Mode 


The  purpose  of  the  Transmission  Mode  is  to  allow 
the  satellite  to  transmit  Full  Telemetry,  as  defined  in 
Appendix  A,  to  the  ground  station  and  thus  fulfill  the 
intent  of  the  experiment.  Because  the  transmission  of  full 
telemetry  is  power  intensive,  the  first  action  in 
Transmission  Mode  is  to  check  the  voltage  of  the  batteries. 
If  the  voltage  is  not  sufficient  (i.e.,  less  than  5.4 
volts)  the  system  will  transmit  "Low  Battery  Warning."  If 
the  voltage  is  within  pre-defined  parameters  the  system 
will  prepare  to  transmit  full  telemetry  if  it  is  in  the 
field  of  view  of  the  ground  station  or  return  to  normal 
operations . 


b .  Sun  Mode 

The  purpose  of  Sun  Mode  is  to  regulate  the 

functions  of  the  SMS  and  allow  the  spacecraft  to  acquire 
the  data  that  is  the  primary  purpose  of  the  experiment. 
When  entering  the  Sun  Mode  within  Normal  Operations,  the 
system  will  always  check  the  voltage  of  the  batteries 

against  the  voltage  of  the  solar  cells  for  redundancy. 
Though  the  payload  does  not  have  a  significant  power 

requirement,  the  team  determined  that  caution  was  preferred 
to  depleting  the  batteries  on  orbit.  If  the  spacecraft 
does  not  have  sufficient  voltage,  it  will  return  to  Normal 
Operations.  If  the  voltage  exceeds  the  minimum  threshold, 
the  spacecraft  will  acquire  full  telemetry.  After 

telemetry  has  been  acquired,  the  system  will  check  the 
voltage  of  the  batteries  against  the  solar  cells  to  ensure 
that  the  satellite  is  still  in  the  sun.  If  the  satellite 

is  in  the  sun,  three  timers  will  be  initiated;  one  for  the 
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Beacon  Mode,  one  to  acquire  full  telemetry,  and  the  third 
to  acquire  abbreviated  telemetry.  The  duration  of  the 
Beacon  timer  will  be  based  upon  the  orbit  and  what  the 
requirement  is  to  assist  in  the  acquisition  of  the 
spacecraft  as  it  approaches  the  horizon,  as  well  as  any 
requirements  for  transmitting  call  sign  on  the  Amateur 
Bands.  The  duration  of  the  full  telemetry  timer  is  based 
on  the  maximum  number  of  samples  that  the  team  would  like 
to  acquire  for  downlink  over  the  course  of  an  orbit. 
Satellite  Took  Kit  models  show  that  the  satellite  should 
spend  about  60  minutes  of  its  90-minute  orbit  in  the  sun. 
A  15-minute  timer  would  allow  about  four  collections  of 
full  telemetry  during  the  orbit  of  the  satellite,  which 
would  equate  to  about  64  collections  per  day  of  full 
telemetry.  A  summary  of  the  calculations  is  included  in 
Table  1.  The  full  telemetry  file  sizes  are  based  upon 
initial  estimates  by  the  program  software  engineer  and  are 
explained  further  in  Appendix  A.  Because  the  exact 
protocol  has  not  yet  been  defined,  the  file  sizes  are  based 
on  a  minimum  and  maximum  possible  size. 
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NPS-SCAT  Data  Rate  Budget  (Primary  Radio) 

Minimum 

Maximum 

Minimum 

Maximum 

Minimum 

Maximum 

Units 

Size  of  Full 
Telemetry  File 

2003 

3611 

2003 

3611 

2003 

3611 

bytes 

Number  of 
Collects  per  Orbit 

3 

3 

3 

3 

3 

3 

Data  Collected 
per  Orbit 

6009 

10833 

6009 

10833 

6009 

10833 

bytes 

Number  of  Orbits 
per  Day 

16 

16 

16 

16 

16 

16 

Data  Collected 
per  Day 

96144 

173328 

96144 

173328 

96144 

173328 

bytes 

Primary  Radio 

172800 

172800 

118200 

118200 

19200 

19200 

bps 

Data  Rate 

21600 

21600 

14775 

14775 

2400 

2400 

Bps 

Time  to  Transmit 

Primary 

Telemetry  Daily 

4.45 

8.02 

6.51 

11.73 

40.06 

72.22 

Seconds 

Data  Collected 
per  Week 

673008 

1213296 

673008 

1213296 

673008 

1213296 

bytes 

Time  to  Transmit 

Primary 

Telemetry 

31.16 

56.17 

45.55 

82.12 

280.42 

505.54 

Seconds 

Weekly 

Table  1.  NPS-SCAT  Data  Rate  Budget 


The  duration  of  the  abbreviated  telemetry  timer 
is  based  on  the  minimum  data  that  the  satellite  can 
transmit  to  effectively  quantify  the  degradation  of  the 
solar  cells.  The  system  will  acquire  the  secondary 
telemetry  once  a  week  and  then  transmit  the  secondary 
telemetry  for  one  week  before  it  updates  the  data  for 
transmission.  Over  the  course  of  one-year  satellite 
lifetime,  this  operating  profile  would  generate  52  I-V 
curves  per  experimental  solar  cell  which  would  allow  the 
program  to  quantify  any  degradation  of  the  solar  cells 
during  their  operational  lifetime.  Once  the  timers  have 
been  set,  the  system  will  return  to  normal  operations. 
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c.  Eclipse  Mode 

The  purpose  of  Eclipse  Mode  is  to  manage  the 
power  draw  and  to  ensure  that  the  beacon  only  transmits 
when  there  is  sufficient  power  available  at  the  battery. 
To  ensure  that  the  power  exists,  the  system  will  check  the 
battery  voltage  against  a  pre-determined  threshold  before 
it  continues  in  Eclipse  Mode  to  the  Beacon  Mode.  If  there 
is  sufficient  voltage,  the  system  will  set  a  pre-determined 
timer  that  activates  the  Beacon  Mode.  The  timer  duration 
is  based  on  several  variables.  The  beacon  serves  primarily 
as  a  risk  mitigation  system  to  ensure  that  the  minimum 
amount  of  mission  critical  data  reaches  the  ground  station, 
and  to  ensure  that  the  ground  station  can  acquire  the 
satellite  as  it  enters  the  ground  station  field  of  view. 
As  such,  the  duty  cycle  of  the  beacon  transmission  is  based 
on  the  relative  velocity  from  the  ground  station  to  the 
satellite,  the  typical  time  in  view,  and  the  maximum 
distance  that  the  ground  station  can  acquire  the  satellite. 
It  is  generally  preferred  to  shorten  the  beacon 
transmission  time  and  increase  the  frequency  of  the  beacon 
transmission  to  ultimately  decrease  the  time  that  it  would 
take  to  acquire  the  satellite,  once  it  enters  the  field  of 
view.  The  system  will  continue  along  the  same  cycle  in 
Eclipse  Mode  until  it  is  back  in  the  sun. 

d.  Beacon  Mode 

The  purpose  of  the  Beacon  Mode  is  to  manage  the 
collection  of  abbreviated  telemetry  and  manage  the 
transmission  time  of  the  subsystem  before  it  returns  to  the 
previous  operational  state.  The  beacon  transmission  time 
will  be  determined  based  on  two  factors:  the  amount  of  data 
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contained  within  secondary  telemetry  and  the  allowable  duty 
cycle  of  the  beacon  based  on  the  power  budget  for  the 
satellite.  Initial  estimates  for  the  beacon  transmission 
time,  based  on  the  current  secondary  telemetry  file 
estimate,  are  included  in  Table  2,  and  demonstrate  that  the 
information  could  be  transmitted  several  times  over  a 
relatively  short  time.  This  would  ensure  that  the 
listeners  had  sufficient  time  to  acquire  the  satellite  and 
receive  a  coherent  file. 


NPS-SCAT  Beacon  Duration/Frequency  Budget 

Data  Rate 

1200 

9600 

Baud  (AFSK  Two  Tone) 

Percent  Overhead 

80% 

80% 

Effective  Data  Rate 

960 

7680 

bps 

120 

960 

Bps 

Size  of  Secondary  Telemetry  File 

989 

989 

bytes 

Time  to  Transmit  Secondary  File 

8.24 

1.03 

Seconds 

Table  2.  NPS-SCAT  Beacon  Duration/Frequency  Budget 


C .  POWER  REQUIREMENTS 

1 .  Primary  Radio 

The  primary  radio  used  for  testing  is  the  Microhard 
Systems  MHX  2420.  One  of  the  major  considerations  that 
drove  the  concept  of  operations  for  the  communications 
subsystem  was  the  power  requirement  to  transmit  both  the 
primary  telemetry  and  secondary  telemetry.  To  a  certain 
extent  the  power  draw  was  fixed.  The  link  budget,  as 
explained  later,  has  limited  margin,  so  it  is  critical  that 
the  maximum  power  output  is  used  at  the  satellite.  The 
Microhard  MHX  series  of  radios  that  provide  a  Commercial- 
Of f-the-Shelf  (COTS)  solution  are  not  easily  modified,  and 
the  MHX  2420  current  draw  is  generally  fixed  for  a  given 
data  rate.  Thus,  the  preferred  method  to  modify  the  power 
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draw  is  to  operate  at  the  maximum  power  transmitted,  but 
manage  the  duty  cycle.  To  accomplish  the  objective  of  the 
experiment,  the  radio  had  to  be  on  during  its  pass  over  the 
ground  station.  This  time  was  defined  as  the  minimum  radio 
activation  time  during  an  orbit  for  the  purpose  of  the 
power  budget.  It  would  seem  relatively  easy  to  activate 
only  the  radio  when  it  is  in  view  of  the  ground  station. 
However,  the  satellite  does  not  have  any  self-location 
knowledge,  and  so,  an  algorithm  must  be  incorporated  to 
activate  the  radio  when  it  is  likely  to  be  in  view  of  the 
ground  station.  To  address  this  requirement,  the  team  had 
to  build  protocols  into  the  modes  to  turn  the  radio  on 
during  its  time  in  the  sun,  to  listen  for  a  specified 
duration.  This  maintains  the  radio  in  the  states  of 
minimum  power  usage  unless  it  receives  a  transmission  from 
the  ground  station.  If  the  radio  receives  traffic  from  the 
ground  station,  it  will  then  transition  to  the  transmission 
mode,  which  has  the  most  significant  power  draw,  and  can 
only  be  operated  during  periods  in  the  sun  when  the  battery 
has  a  nearly  full  charge.  Further  detail  regarding  power 
draw  for  the  radio,  is  discussed  in  Chapter  III,  and  in  the 
Electrical  Power  System  sub-system  thesis. 

2 .  Beacon 

The  beacon  power  requirements  were  simpler  to  change 
and  adapt  to  the  power  availability  of  the  CubeSat.  The 
beacon  radio  will  be  designed  by  The  California  Polytechnic 
University  CubeSat  program  as  a  risk  mitigation  platform 
for  follow  on  beacons  on  the  CP  CubeSat  series.  The 
beacon's  power  usage  can  be  lower  than  the  primary  radio 
because  it  operates  at  a  lower  frequency  that  generally 
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requires  less  power  to  close  a  link  with  a  ground  station. 
The  data  rate  of  the  beacon  may  be  significantly  less  than 
that  of  the  primary  radio,  which  also  allows  it  to  provide 
more  energy-per-bit  for  the  transmission  than  a  radio  with 
the  same  power  and  a  higher  data  rate.  Also,  the  beacon  is 
generally  a  simpler  and  better  known  design,  due  to  its 
extensive  heritage.  The  beacon  design  permits  the  system 
to  approach  a  more  optimal  maximum  power  transfer  point 
than  the  Microhard  series  of  radios  that  require  a 
significant  amount  of  power  in  to  radiate  an  equivalent 
output  power  to  the  beacon.  Despite  the  significantly 
lower  power  usage,  the  best  way  to  manage  the  beacon  power 
draw  is  still  to  manage  its  duty  cycle.  The  additional 
considerations  for  the  beacon  duty  cycle  must  be 
understood,  as  discussed  earlier  in  section  3.d.  of  this 
chapter . 
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III.  RADIO  DEVELOPMENT 


A.  PRIMARY  TT&C  LINK 

1 .  Basis  for  Radio  Selection 

One  of  the  primary  focuses  of  NPS-SCAT  is  to  develop  a 
baseline  sub-system  design  for  future  NPS  CubeSats  and 
leverage  COTS  technology  during  that  process.  With  that 
philosophy  in  mind,  the  program  chose  the  Pumpkin  Inc.  1U 
CubeSat  Skeletonized  Structure  and  the  FM430  Flight  Module 
that  is  already  integrated  within  the  Pumpkin  structure 
(Pumpkin  Incorporated,  2005,  p.  2) .  Pumpkin  markets  the 
system  as  a  CubeSat  Kit.  Microhard  Systems  Inc. 

manufactures  products  that  are  complementary  to  the  Pumpkin 
structure  and  the  FM430  Flight  Module  called  the  MHX  2400 
Series  radios  (Pumpkin  Incorporated,  2005,  p  11) .  When  the 
flight  module  and  Pumpkin  system  were  originally  designed, 
Microhard  sold  the  MHX  2400  radio,  and  it  was  compatible 
with  the  flight  module  and  the  power  output  of  the  Clyde 
Space  1U  EPS.  The  MHX  2400  also  has  a  flight  heritage, 
having  been  successfully  used  with  GeneSatl  from  NASA  and 
MAST  from  Tethers  Unlimited  Inc.  (Klofas  &  Anderson,  2008, 
p.  5) .  Following  the  success  of  GeneSat,  two  students,  who 
worked  on  the  subsystem  with  NASA,  published  a  paper  at  the 
2007  Small  Satellite  Conference.  The  paper  outlined  some 
of  the  key  performance  parameters  of  the  system,  namely 
power  and  sensitivity  (Mas  &  Kitts,  2007,  p.  4) . 
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Table  1:  MHX-2400  Specifications 


Parameter 

Value 

Band 

2.4GHz  ISM 

Transmission  Method 

Freq.  Hopping  Spread  Spectrum 

Serial  Data  Rate 

up  to  1 1 5kbps 

RF  Output  Power 

up  to  1W,  selectable 

Power  C onsumption  (Rx/t|x) 

1.15W  /  4.38  W 

Sensitivity  (@25°C) 

-105  dBm 

Max.  Throughput 

83kbps  (no  delay) 

Weight 

75  grams 

Size 

90  mm  x  53  mm  x  25  mm 

Table  3.  MHX  2400  Specifications  (From  Mas  &  Kitts,  2007, 

p.  4) 

Given  the  specifications  in  the  paper,  the  MHX  2400 
would  provide  sufficient  sensitivity,  throughput,  and  a  low 
enough  power  draw  to  allow  a  3  meter  ground  station  to 
effectively  command  and  control  the  platform  over  the  life 
of  the  satellite.  As  components  to  the  MHX  2400  became 
obsolete,  and  users  demanded  additional  features  on  the 
radio  such  as  encryption,  enhanced  sensitivity,  higher  data 
rates,  and  higher  voltage  supply,  Microhard  introduced  a 
new  version  of  the  radio  operating  in  the  same  band  called 
the  MHX  2420  (Catherwood,  2009) .  Pumpkin  began  to  market 


the  new 

radio 

as  a  component  that 

was 

compatible 

with 

its 

CubeSat 

Kit. 

Based  on 

Pumpkin' s 

recommendation 

and 

the 

success 

of  the 

GeneSat , 

PharmaSat , 

and 

MAST  CubeSats 

with 

the  Microhard  product  line,  the  NPS-SCAT  team  purchased  and 
began  to  conduct  initial  testing  with  the  MHX  2420  with  the 
intent  to  integrate  it  in  the  prototype  for  NPS-SCAT. 
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2. 


MHX  2420  Specification 


The  MHX  2420  published  specifications  appear  very 
similar  to  those  of  the  MHX  2400.  The  complete 
specifications  are  included  in  Appendix  C,  but  appear  to  be 
generally  the  same  as  the  MHX  2400.  Table  4  contains  the 
specifications  for  the  MHX  2420  similar  to  those  that  NASA 
measured  for  the  GeneSat  mission. 


Parameter 

Value 

Band 

2.4  Ghz  ISM 

Transmission  Method 

Freq.  Hop  Spread  Spectrum 

Serial  Data  Rate 

up  to  230.4kbps  (special  order) 

RF  Output  Power 

up  to  1W,  selectable 

Power  Consumption  (Rx/Tx) 

Not  provided  in  latest  specs 

Sensitivty 

-108  dBm  @  115.2kbps  link  rate 

Max.  Throughput 

Not  provided  in  specs 

Weight 

55  grams 

Size 

89  mm  x  53.4  mm  x  17.8  mm 

Table  4.  MHX  2420  Specifications  (Microhard  Systems  Inc., 

2008) 

Most  importantly,  Microhard  maintains  that  the  MHX 
2420  is  still  a  low  power  consumption  radio,  even  though 
specific  figures  are  not  provided  in  the  latest 
specifications . 

3 .  Primary  Radio  Link  Budget 

Flight  heritage  is  an  important  factor  in  the  choice 
of  a  radio  to  perform  the  Command  and  Control  of  the 
satellite.  However,  a  link  budget  must  also  be  calculated 
to  determine  the  viability  of  the  radio,  given  the  power 
transmitted,  the  gain  of  the  transmitting  antenna,  the  data 
rate  of  the  link,  the  carrier  frequency,  and  the  gain  of 
the  receiving  antenna.  For  NPS-SCAT,  a  link  budget  is 


required  for  the  primary  telemetry  uplink  and  downlink,  as 
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well  as  the  beacon  downlink.  Because  the  satellite  is  not 
a  primary  payload  and  is  subject  to  the  availability  of  a 
launch  vehicle,  the  propagation  path  length  variable  can 
vary  significantly.  It  is  best  then  to  model  a  scenario 
based  on  the  current  assumption  that  the  satellite  will  be 
launched  on  the  Space  Shuttle  Payload  Launcher  at  an  orbit 
20  kilometers  below  the  International  Space  Station.  For 
example,  the  altitude  of  the  International  Space  Station 
was  410  kilometers  so  the  altitude  of  NPS-SCAT  would  be  390 
kilometers.  The  remaining  portions  of  the  link  budget  are 
based  on  the  characteristics  of  antennas  and  equipment 
previously  discussed  or  that  have  been  quantified  in 
previous  theses.  It  is  useful  to  explain  the  calculation 
of  a  one  link  budget  for  the  program  and  the  remaining  will 
follow  with  explanations  of  the  changes  in  variables.  The 
scenario  with  the  smallest  likely  margin  is  the  downlink 
from  the  satellite  to  the  ground  station  because  of  the 
reduced  power  transmission  originating  from  the  satellite. 

a.  Propagation  Path  Length 

The  propagation  path  length  of  the  satellite  is  a 
function  of  the  orbital  altitude  and  the  elevation  angle. 
For  the  purpose  of  the  link  budget  the  path  length  was 
calculated  for  every  five  degrees  of  elevation  starting 
with  the  horizon  at  zero  degrees.  There  is  a  practical 
limit  on  the  elevation  angle  that  a  satellite  can  acquire 
the  ground  station  due  to  obstructions  and  terrestrial 
noise.  That  limitation  is  typically  five  to  ten  degrees 
(Gordon  &  Morgan,  1993,  p.  150).  A  graphical 
representation  of  the  variables  is  included  in  Figure  5. 
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p  s  angular  radius  of  Earth 


Figure  5.  2-D  Satellite  &  Earth  Center  Geometry  (From 

Wertz  &  Larson,  1999,  p.  113) 

Using  these  variables,  the  slant  range,  D,  can  be 
calculated  for  every  elevation  angle  over  the  satellite 
path  assuming  a  Nadir  pass.  The  baseline  equations  are 
included  in  Space  Mission  Analysis  and  Design  (SMAD)  (1999) 
Table  5-4. 
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Parameter 

Formula 

Eq. 

No. 

Earth  Angular  Radius,  p 

sin  p  *  Re  /  {R£  +  H) 

5-16 

Period,  P 

P  “  1 .658  669  x  10-*  x  (6,378.14  +  H)3'2 

7-7 

Max  Nadir  Angie,  rfmax 

®*n  Hmax  m  *1°  P  COS 

5-36 

Max  Earth 

Central  Angle,  ?max 

A'max  “  deg  -  -  hirra* 

5-37 

Max  Distance,  Dmax 

Dmax  ~  Re  (®*n  ^-max  t  hmax) 

5-38 

Min  Earth 

Central  Angle, 

sin  *  sin  sin  tafe 

+  cos  fatpoto  cos  tatgs  cos  (Atong) 

5-43 

Min  Nadir  Angle, 

tan  -  (sin  p  sin  A**,)/  (1  -  sin  p  cos 

5-44 

Max  Elevation 

Angle,  e™. 

£f»ax  ~  ^-min  ~  HmJn 

5-45 

Min  Distance, 

PfTw/i  “  Re  (sin  Afnto  i  sin 

5-46 

Max  Angular  Rate,  Qmax 

IW  =  K 

5-47 

Azimuth  Range, 

cos  <A*/2)  -  (tan  A^nl  tan  A^) 

5-48 

Time  in  View,  T 

T  *  (P/  160  deg)  cos-1  (cos  A,^/ cos  A^ 

5-49 

Table  5.  SMAD  Slant  Range  baseline  equation  table  (From 

Wertz  &  Larson,  1999,  p.  113) 


These  formulas  can  be  developed  into  a  single 
equation  that  may  be  used  in  a  link  budget  spreadsheet  to 
calculate  the  slant  range,  as  in  equation  (3-1) ,  and  be 
used  to  determine  the  free  path  space  loss  in  the  link 
budget,  accounting  for  the  curvature  of  the  Earth. 


D 


Re2  +  (Re+  H )2  —  2xR.ex(R.e  +  H ) x cos  ;r-(90  +  £)-siir‘ 


rRexsin(90  +  f)^ 
R  +H 


(3-1) 


Where  D  is  the  slant  range,  Re  is  the  radius  of  the  earth  or 
6378  Km,  H  is  the  altitude  of  the  satellite,  and  s  is  the 
elevation  angle  of  the  satellite  relative  to  the  ground 
station.  For  an  orbital  altitude  of  390  kilometers  and  a 
ground  station  elevation  angle  of  zero  degrees,  this 
returns  a  path  length  of  2264  kilometers.  This  is  an  order 
of  magnitude  farther  than  when  the  satellite  transmits 
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to  a  ground  station  at  the  sub-satellite  point.  The  link 
budget  must  account  for  the  changes  in  slant  range  to  be 
useful . 

b.  Free  Path  Space  Loss 

Typically,  the  most  significant  losses  occur 
because  of  distance  in  a  communications  system.  However, 
the  losses  are  a  function  of  the  frequency  of  the  carrier 
as  well  as  the  path  length.  The  theoretical  value  for  path 
loss  is  calculated  using  the  equation 

(3-2) 

V  A  )  V  c  y 

or  the  value  can  be  calculated  in  dB  using  the  equation 

Ls  =  20  log(D)  +  20  log  (/)  +  92.45  ( 3  -  3 ) 

where  D  is  the  slant  range  distance  in  kilometers  and  f  is 
the  receiver  frequency  in  GHz  (Gordon  &  Morgan,  1993,  p. 
39) .  For  the  2264  Km  slant  range  calculated  in  the 
previous  paragraph  and  using  a  frequency  of  2.44  GHz,  there 
would  be  a  free  path  space  loss  of  167.3  Decibels  (dB) 
which  decreases  to  151.9  dB  at  an  elevation  angle  of  zero 
degrees  and  an  altitude  of  390  Km. 

c.  Transmitting  and  Receiving  Communications 
System  Characteristics 

There  are  several  constants  in  the  transmitting 
communications  system  that  feed  variables  in  the  link 
budget.  These  are  constants  because  they  are  a  function  of 
the  component  and  its  capabilities  or  characteristics  that 
are  required  to  close  the  link.  Transmitting  power  is  not 
a  constant  and  can  be  adjusted  on  the  MHX  2420.  However, 
because  the  maximum  power  transmitted  by  the  MHX  2420  is 
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only  one  Watt  and  the  margin  in  the  link  budget  may  not 
meet  the  10  to  20  dB  recommended  to  account  for  fading,  the 
maximum  power  is  used  and  is  considered  a  constant  for  the 
purpose  of  these  calculations  (Gordon  &  Morgan,  1993,  p. 
251)  .  For  use  in  the  link  budget  the  transmitted  power  is 
converted  to  dB  using  the  formula 

^t(dB)  =  1  OL°g\0  ( Pf (watts ) )  ( 3  -  4 ) 

The  frequency  of  2.44  GHz  is  a  function  of  the 
radio  that  was  chosen,  which  was  explained  previously. 
Once  the  signal  leaves  the  radio  it  travels  through  a 
transmission  line  to  the  antenna.  The  transmission  line 
has  a  loss  that  is  often  standardized  to  one  dB  to  account 
for  connector  mismatch  and  coupling  inefficiency  but  may 
not  be  necessary  based  on  inherent  inaccuracies  within  the 
link  equation.  The  actual  value  can  be  measured  more 
accurately  once  the  actual  connectors  and  the  length  of 
transmission  cable  within  the  system  are  known.  (Wertz  & 
Larson,  1999,  p.  557) .  A  transmitting  antenna  gain  of  2  dB 
was  used  for  the  link  budget  because  it  is  typical  for  a 
dipole,  which  was  the  assumed  antenna  when  the  link  budget 
was  initiated.  The  modeled  values  and  the  measured  values 
of  the  antenna  will  be  addressed  in  Chapter  IV  of  the 
thesis,  but  a  2  dB  assumption  is  valid  for  the  calculation 
of  the  link  budget.  The  transmitting  system  constants  are 
added  in  dB  to  produce  the  Equivalent  Isotropic  Radiated 
Power  (EIRP)  of  the  system  in  the  equation 

EIRP(1ib)  ^t(dB)  +  ^ant(dB)  (3  5  ) 

(Gordon  &  Morgan,  1993,  p.  36). 

The  receiving  system  located  on  the  roof  of 
Spanagel  Hall  at  NPS  was  characterized  for  a  previous 
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thesis  by  Luke  Koerschner  in  2007.  With  the  exception  of 
the  frequency,  his  calculations  and  measurements  are 
applicable  to  NPS-SCAT  and  can  be  used  in  the  link  budget. 
The  ground  station  antenna  is  a  3.048  Meter  mesh  parabolic 
antenna.  The  thesis  also  uses  a  conservative  aperture 
efficiency,  or  g,  of  55  percent.  Antenna  efficiencies  can 
range  from  40%  to  80%  and  are  normally  approximated  at  55% 
for  estimating  purposes  (Gordon  &  Morgan,  1993,  p.  36)  . 
Antenna  efficiencies  are  normally  specified  in  the  mid-50% 
range  for  horns  and  in  the  mid-60%  range  for  parabolic 
antennas  (Stutzman  &  Thiele,  1998,  p.  299)  .  The  antenna 
diameter,  receiver  efficiency,  and  frequency  can  be  used  to 
calculate  the  maximum  receive  antenna  gain.  The  antenna 
gain  is  a  ratio  that  represents  the  power  transmitted  with 
the  antenna  pointed  directly  towards  the  receiver,  versus 
the  power  transmitted  without  an  isotropic  antenna  that 
radiates  uniformly  in  all  directions.  The  standard 

equation  for  a  parabolic  reflector  is 


Gain  = 


4^77^4 

A2 


(3-6) 


where  A  is  the  physical  area  of  the  aperture.  After 
substitution,  the  equation  becomes 


GdB  =  201og10Z)  +  201og10/  +  101og1077  +  20.4  (3-7) 


(Gordon  &  Morgan,  1993,  p.  140),  where  D  is  the  diameter  in 
meters  and  f  is  the  frequency  in  GHz.  The  parabolic 
reflector  used  for  the  NPS-SCAT  ground  station  has  a  peak 
gain  of  35.10  dB,  as  reflected  in  the  link  budget.  A 
critical  characteristic  of  an  antenna  is  the  half-power 
beamwidth.  This  characteristic  represents  the  point  in  the 
transmitting  or  receiving  beam  where  the  power  received  or 
transmitted  is  three  decibels  less,  or  where  the  power  is 
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one-half  of  what  it  would  be  if  the  antennas  were  perfectly 
aligned.  Generally,  this  is  considered  the  effective  beam 
of  the  antenna  to  transmit  or  receive  and  anything  outside 
that  beam  has  significant  losses  that  may  not  be  overcome. 
An  approximate  equation  to  calculate  the  half  power 
beamdwidth  is 


QdB  ~ 


21_ 

Jd 


(3-8) 


which  returns  a  value  in  degrees  (Gordon  &  Morgan,  1993,  p. 
143) .  Where  f  is  the  frequency  in  GHz  and  D  is  the  antenna 
diameter  in  meters.  For  a  circular  aperture,  the  half¬ 
power  beamwidth  is  approximately  equal  to  1.02^  (radians)  =2 .36 


degrees  when  evaluated  at  2.44  GHz  and  for  a  3.048  meter 
diameter  dish  antenna.  This  value  directly  affects  the 
pointing  error  loss.  If  the  tracking  system  is  not 

accurate  enough  to  maintain  the  receiving  system  in  its 
beamwidth  then  the  losses  increase.  The  NPS-SCAT  ground 
station  pointing  error  was  quantified  in  the  previous  work 
by  Luke  Koerschner  to  be  two  degrees  (Koerschner,  2008,  p. 
20) .  Using  these  values  the  pointing  error  loss  can  be 
calculated  using  the  equation 


Lodb  ~  12 


r  \2 

e 


V  ^3  dB  J 


(3-9) 


where  e  is  the  pointing  error  in  degrees  (Wertz  &  Larson, 
1999,  p.  556)  .  For  the  NPS-SCAT  link  budget,  this  returns 
a  value  of  5.82  dB .  The  values  for  peak  receive 

antennagain,  receive  antenna  line  loss  ( Lline )  ,  and  pointing 
error  loss  ( L  t )  can  be  added  in  dB  form  to  provide  the 
receive  antenna  gain  with  pointing  error  using  the  equation 
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(3-10) 


^rx(dB)  ^rp(clB)  +  ^line(dB)  +  ^pt(dB) 

(Gordon  &  Morgan,  1993,  p.  167). 

A  critical  loss  that  must  be  accounted  for  in  the 
link  budget  is  the  loss  due  to  polarization. 

Theoretically,  if  a  system  has  perfect  pointing  and  the 

polarization  of  the  receiver  and  the  transmitter  are  the 
same,  there  is  no  loss  in  the  system  due  to  polarization 

(Cushcraft  Corporation,  2002,  p.  3)  .  However,  this  is 
often  not  the  case.  The  industry  rule  of  thumb  is  a  3  dB 
loss  due  to  polarization  (Wertz  &  Larson,  1999,  p.  264)  . 
For  the  NPS-SCAT  Communications  system  the  primary  on  orbit 
antenna  is  right  hand  circularly  polarized  and  the  ground 
station  is  selectable  to  right  or  left  hand  circularly 
polarized.  Given  perfect  alignment,  there  could  be  zero 

polarization  loss  in  the  system.  However,  if  the  axial 
ratio  of  the  two  antennas  in  the  system  is  close  to  90 
degrees,  there  could  be  losses  in  the  tens  of  dB .  Because 
the  value  of  polarization  loss  varies  so  significantly,  the 
industry  standard  value  will  be  used  for  the  link  budget 
(Cushcraft  Corporation,  2002,  p.  5). 


d.  Energy  per  Bit  versus  Noise 

The  ultimate  value  that  a  link  budget  seeks  to 
calculate  is  the  Energy  per  Bit  versus  Noise  or  — —  .  The 


for  the  link  provides  a  basis  for  comparison  against 


the  known  required  — —  for  a  specific  modulation  scheme  and 

Ah 


the  measure  is  relatable  to  the  signal-to-noise  ratio.  If 
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the  link 


N„ 


does  not  exceed  the  required 


N„ 


then  the  link 


may  not  close  successfully  and  transfer  data.  If  the  link 
E  E 

— —  does  exceed  the  required  — —  then  the  link  may  close 
No  Na 


but  it  is  not  guaranteed  (Gordon  &  Morgan, 
The  standard  equation  is 

Eh  PLGLLG 

_ b_ _  /  t  s  a  r 

N  ~  kTR 

o  s 


1993,  p.  230)  . 


(3-11) 


where  P  is  the  transmitter  power  in  Watts,  Lt  is  the 
transmitter  to  antenna  line  loss,  Gt  is  the  transmit  antenna 
gain,  Ls  is  the  space  loss,  La  is  the  loss  due  to 
atmospheric  conditions,  Gr  is  the  receiver  antenna  gain,  k 
is  the  Boltzman  Constant,  Ts  is  the  system  noise 
temperature,  and  R  is  the  data  rate.  This  can  be 

calculated  in  dB  using  the  equation 


E  =  EIRP  +  Lpr  +  Ls+La  +  Gr+  228.6  - 1 0  log10  Ts-10  log10  R  (3-12) 


(Wertz  &  Larson,  1999,  p.  554). 

Where  for  an  elevation  angle  of  zero  degrees,  using  the 

E 

previously  described  parameters,  this  gives  an  of  18.2 


dB .  The  Microhard  series  of  radios  utilize  frequency  shift 

E 

keying,  which  has  a  required  — —  of  13.5  dB  (Wertz  & 


Larson,  1999,  p.  561)  .  The  difference  of  the  system  — — 

E 

and  the  required  gives  a  margin  which  is  +2.7  dB  at  a 

zero  degree  elevation  angle  from  the  ground  station. 
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Despite  a  small  margin  at  zero  degrees  elevation  angle,  the 
margin  increases  significantly  as  the  elevation  angle 
increases  and  surpasses  the  recommended  10  dB  margin 
recommended  to  account  for  signal  fading  at  20  degrees 
elevation  affording  the  satellite  more  than  200  seconds 
time  in  view  of  the  ground  during  a  nadir  pass.  The 
spreadsheets  in  Appendix  D  show  the  comprehensive  link 
budget  for  a  downlink  and  uplink  at  390  km.  The  last 
calculations  for  the  link  budget  spreadsheet,  are  estimates 
for  the  time  in  view  given  the  appropriate  elevation  angle. 
Based  on  the  time  in  view  the  total  amount  of  data 
transferred  in  a  given  pass  can  be  calculated. 

4 .  Radio  Characterization  and  Testing 

Characterizing  the  radio  is  a  key  step  in  the 
evaluation  process.  Characterization  serves  to  validate 
manufacturer  specifications,  as  well  as  measure 

characteristics  critical  to  the  system' s  functions  within 
the  satellite.  Based  on  the  requirements  for  NPS-SCAT,  two 
major  tests  were  conducted  on  the  radios  well  as  other 
tests  that  will  be  explained  in  section  3c. 

a.  Current  Draw  Testing 

A  current  draw  test  was  not  initially  planned  to 
measure  the  radio  characteristics.  The  concept  was 

discussed  but  reduced  in  importance  to  the  other  testing 
that  was  thought  to  be  more  valuable.  The  current  draw  was 
also  assumed  to  be  in  line  with  the  MHX  2400  which  had 
proven  acceptable  to  several  CubeSat  programs  previously. 
The  importance  of  characterizing  the  current  drawn  by  the 
radio  increased  after  attempting  to  incorporate  the  radio 
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in  the  Pumpkin  CubeSat  Kit.  The  ClydeSpace  EPS  was  unable 
to  provide  adequate  current  at  5  volts  to  transmit  data. 
Because  of  this  incident,  further  work  was  pursued  testing 
the  current  characteristics  of  the  radio. 

Initially,  testing  was  designed  to  be  minimally 
invasive.  The  initial  testing  was  conducted  on  the 
Microhard  Spectra  2420,  a  hardened  case  with  a  self- 
contained  power  supply  and  MHX  2420  radio  card,  as  well  as 
a  serial  interface  and  hard  base  antenna  mount  pictured 
below . 


Figure  6.  Microhard  Spectra  2420 

The  tests  used  a  Mastech  MY60  Multimeter  to 
measure  the  current  supplied  to  the  Spectra  2420  through  a 
12-volt  AC  power  connection.  This  proved  inaccurate 
because  there  is  a  significant  amount  of  additional 
circuitry  that  draws  on  this  current  to  power  the  Spectra, 
as  shown  in  Figure  6.  A  more  accurate  test  to  measure 
current  was  designed  to  isolate  the  current  supplied  to  the 
radio  card,  and  the  current  supplied  to  the  peripheral 
circuitry.  An  MHX  2420  development  board  kit  was  used, 
similar  to  the  board  in  the  right-hand  picture  of  Figure  4. 
Voltage  is  provided  to  the  radio  through  pins  one  and  two 

on  the  board,  as  depicted  in  Figure  4.  To  isolate  the 
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radio  card,  50  mm  of  trace  that  supplies  current  to  pins 
one  and  two  was  removed.  A  shunt  was  soldered  onto  the 
trace  into  pin  one  and  two,  the  positive  supply  voltage, 
and  an  additional  shunt  was  soldered  onto  the  trace  for  pin 
13,  ground  for  the  radio  card  and  what  would  be  considered 
ground  for  the  power  supply.  With  the  shunts  installed,  the 
DC  current  for  the  radio  card  could  be  provided  by  a 
standard  lab  DC  power  supply  at  +5  Volts.  An  Agilent 
E3631A  DC  Triple  Output  Power  Supply  was  used  for  the  test. 
The  current  was  measured  using  a  Hall  Effect  Current  Probe 
placed  over  the  positive  supply  lead,  connected  to  the  DC 
power  supply  to  Vcc  pins  one  and  two.  The  probe  measures 
the  inductive  magnetic  field  produced  by  the  current,  and 
amplifies  the  measurements  for  output  to  an  oscilloscope. 
The  Tektronix  A6302  20  Ampere  AC/DC  Current  Probe  was  used 
to  measure  the  current,  which  was  then  amplified  by  the 
Tektronix  AM503B  AC/DC  Current  Probe  Amplifier  and 
displayed  on  a  Tektronix  TDS3034C  Digital  Phosphor 
Oscilloscope.  The  test  setup  is  depicted  in  Figure  7. 


Figure  7  .  Current  Draw  Test  Setup 
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To  maximize  the  use  of  the  available  throughput 
for  the  radio,  a  Python  program  was  written  that  could  be 
configured  for  the  data  rates  used  by  the  radio.  The 
program  operates  on  both  the  master  PC  interface  as  well  as 
the  slave  in  different  modes.  The  master  PC  uses  a  pseudo 
random  number  generator  to  produce  data.  The  data  is 

stored  on  the  master  PC  for  comparison  later.  The  data  is 
transmitted  through  the  COM3  port  on  the  PC  through  a 

serial  connection  to  the  Microhard  Spectra  2420  at  the 

specified  data  rate.  The  radio  then  applies  its  protocol 
to  communicate  from  the  master  radio  to  the  slave  radio  and 
transmit  the  data.  The  data  is  decoded  at  the  slave 
Spectra  2420,  and  transmitted  to  the  COM3  port  on  the  slave 
radio  PC  over  a  serial  link.  Concurrent  to  the  master  PC 
running  the  Python  program,  the  slave  radio  PC  also 
operates  the  program  in  receive  mode.  The  receive  mode 
version  of  the  program  simply  takes  the  data  that  it 

receives  from  the  slave  radio  and  resends  it  to  the  slave 
radio  for  transmission  to  the  master.  Once  the  master  PC 
receives  the  data,  it  compares  what  was  received  to  what 
was  transmitted  and  infers  a  Bit  Error  Rate,  as  well  as  an 
effective  data  rate.  The  program  can  run  indefinitely  and 
test  the  capabilities  of  the  radio  link  for  an  extended 
time  period  or  can  be  altered  to  provide  a  test  environment 
that  allows  for  measurement  of  the  current  at  different 
states  of  operation.  The  data  flow  of  the  program  is 
graphically  depicted  in  Figure  8 . 
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Python  Serial  Test  Program  Flow  Diagram 


Figure  8 .  Python  Serial  Test  Program  Diagram 


The  testing  examined  three  states  of  power  output 
from  the  radio.  The  radio  was  tested  at  1  Watt,  0.5  Watts, 
and  0.1  Watt  power  transmitting.  The  testing  showed  two 
distinct  states  of  current  draw,  periods  when  the  radio  was 
receiving  from  the  distant  station  and  when  the  radio  was 
transmitting.  The  data  rate  was  held  constant  at  115200 
bits  per  second  (bps)  in  order  to  eliminate  one  variable  of 
the  test.  This  was  also  the  lowest  data  rate  available  for 
this  radio  model  and  it  was  assumed  that  increasing  the 
data  rate  would  only  increase  the  current  draw.  The  115200 
bps  data  rate  would  also  meet  the  TT&C  requirements 
discussed  earlier  for  the  satellite  so  it  was  not  useful  to 
examine  the  172800  bps  data  rate.  The  first  state  that  was 
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quantified  was  the  1  Watt  power  output  transmitting  data  at 
115200  bps.  The  results  of  the  test  are  shown  in  Figure  9. 
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Figure  9. 


MHX  2420  Current  Test  Transmit  (1  Watt; 
115200  bps) 


From  the  figure  and  from  additional  testing,  it 

was  inferred  that  the  radio  transitions  through  three 

states.  One  state  is  the  transmitting  state,  during  which 

the  radio  transmits  a  packet  for  approximately  17 

milliseconds.  Following  the  packet  transmission,  the  radio 

waits  approximately  3  milliseconds  during  which  it  waits 

for  an  acknowledgement  from  the  distant  station.  This 

corresponds  to  a  short  transmission  from  the  other  radio  in 

the  network,  which  is  the  master.  The  radio  then  transmits 

additional  bits  on  the  same  cycle  22  times,  which  produces 
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a  transmit  period  of  approximately  450  milliseconds.  Over 
the  course  of  the  cycle,  the  Figure  9  data  shows  that  the 
radio  can  draw  about  2.25  Amps  when  transmitting  at  the 
maximum  data  rate  at  1  Watt  power  output.  The  minimum 
transmit  current  measured  is  just  below  2.0  Amps.  The 
second  state  is  an  idle  period  during  which  the  radio  that 
was  previously  receiving  is  ensuring  that  the  channel  is 
clear  to  begin  transmitting.  The  idle  period  current 
measurements  are  shown  in  Figure  10  and  average  almost  400 
milliamps . 

MHX  2420  Current  Test  Idle  (lWatt;  115200bps) 


0  20  40  60  80  100  120 

Time  (mS) 

Figure  10.  MHX  2420  Current  Test  Idle  (1  Watt; 

115200bps) 

The  third  state  that  the  radio  operates  in  is  the 

receive  state,  during  which  the  radio  accepts  data  from  the 

other  radio  in  the  network  and  sends  acknowledgement  and 

handshaking  bits  throughout  the  transmission.  The  receive 
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state  is  effectively  the  complement  to  the  transmit  stage. 
The  current  draw  throughout  the  receive  stage  is  shown  in 
Figure  11. 


Figure  11.  MHX  2420  Current  Test  Receive  (1  Watt; 

115200bps) 

Though  the  average  current  draw  through  the 
receive  state  is  low  and  is  around  0.5  Amps,  the  transient 
currents  exceed  2.5  Amps  and  are  significant  for  this 
application.  The  testing  was  conducted  on  three  different 
radio  cards  and  was  consistent  through  all  three.  The 
documented  characteristics  were  also  verbally  confirmed 
with  the  University  of  Michigan  RAX  program  as  well  as  the 
Kentucky  Space  Consortium,  both  of  whom  plan  to  use  the  MHX 
2420  in  their  CubeSats . 
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Further  testing  was  planned  to  manage  the  data 
rate  input  to  the  radio,  effectively  throttling  the  serial 
connection  between  the  radio  and  the  PC.  It  was 

hypothesized  that  if  the  data  rate  over  the  serial 
connection  to  the  radio  were  reduced,  the  current  draw 
would  also  be  reduced.  Though  this  would  not  be  a  long¬ 
term  solution  it  would  allow  the  program  to  use  the  radio 
for  terrestrial  tests  without  modifications  to  the  EPS. 
Prior  to  the  test  completion,  the  program  was  able  to  order 
the  previous  version  of  the  Microhard  MHX  2400  series  radio 
that  had  been  tested  extensively  in  support  of  the  NASA 
CubeSats  and  MAST.  Based  on  the  potential  to  use  these 
radios,  the  testing  of  the  MHX  2420  was  temporarily 
suspended . 

b.  Sensitivity  Testing 

One  of  the  critical  characteristics  of  a  radio  is 
the  sensitivity,  or  the  ability,  to  detect  a  received 
signal.  Radios  that  have  higher  sensitivities  can 

typically  detect  radio  signals  that  originate  at  a  greater 
distance  or  have  a  lower  power  output,  or  both  (Gordon  & 
Morgan,  1993,  p.  288)  .  The  sensitivity  experiment  was 
conducted  using  the  radio  frequency  shielded  chamber  in  the 
Small  Satellite  Lab  at  NPS  to  completely  isolate  the  two 
radio  sets  and  ensure  there  were  not  any  spurious  RF 
emissions  detected  by  the  other  radio.  The  two  radios  were 
physically  connected  through  the  interface  panel  on  the 
chamber  and  a  series  of  in-line,  selectable  attenuators. 
The  attenuators  allowed  the  signal  strength  to  be  reduced 
in  a  similar  manner  to  the  free  space  losses  that  occur 
because  of  physical  separation  distance.  The  test  was 
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performed  to  determine  if  the  receiving  radio  could  detect 
and  decipher  the  incoming  signal  at  significantly  reduced 
power  levels.  The  capability  to  detect  the  reduced  signal 
was  measured  by  transmitting  packets  using  the  Python 
Serial  Test  program  described  earlier.  The  effective  data 
rate  of  the  link,  as  well  as  the  time  for  the  radios  to 

connect  and  synchronize,  was  measured.  The  test  was 
initiated  with  the  radio  transmitters  off,  and  the 
transmitters  were  required  to  synchronize  in  order  to 
replicate  the  most  likely  on  orbit  scenario.  Data  was  then 
transmitted  over  the  link,  while  the  attenuation  was 

incrementally  increased.  The  data  rate  used  for  the  test 
was  115200  bps.  The  effective  data  rate  was  measured  over 
a  ten  minute  time  period  to  develop  an  effective  average. 
Initially,  the  attenuation  was  increased  in  increments  of 
10  dB  until  the  test  reached  a  point  where  the  link  was 

expected  to  fail.  At  that  point,  the  attenuation  was 

increased  in  increments  of  1  dB .  The  results  are  included 
in  Table  6. 
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Microhard  MHX2420  Attenuation  Test 

_  .  .  Transmitter  Output  Power  30  dBm 

Constants 

Line  Loss  ( Measured )  6  dB 

Dialed  Attenuation  (dB) 

Total  Attenuation  (dB) 

Expected  Receive  Signal  Strength  (dBm) 

Effective  Half-Duplex  Doto  Rote  (kbps) 

Connect  Time  (Sec) 

0 

6 

24 

38.3 

1 

10 

16 

14 

38.26 

1 

20 

26 

4 

38.3 

1 

30 

36 

-6 

38.32 

1 

40 

46 

-16 

38.32 

1 

50 

56 

•26 

38.38 

1 

60 

66 

-36 

38.3 

1 

70 

76 

-46 

38.33 

1 

80 

86 

-56 

38.31 

1 

90 

96 

-66 

38.32 

1 

100 

106 

-76 

38.28 

1 

110 

116 

-86 

37.6 

1 

120 

126 

-96 

37.1 

1 

125 

131 

-101 

32.8 

1 

126 

132 

-102 

31.1 

1 

127 

133 

•103 

31 

1 

128 

134 

•104 

30.5 

1 

129 

135 

-105 

29.8 

2 

130 

136 

-106 

24.4 

3 

131 

137 

-107 

19.2 

5 

132 

138 

-108 

13.2 

6 

133 

139 

-109 

0.1 

9 

134 

140 

-110 

0.1 

18 

135 

141 

-111 

0.05 

22 

Table  6.  Microhard  MHX  2420  Attenuation  Test 


The  test  results  validated  the  manufacturer 
claims  that  the  radio  has  a  sensitivity  of  -106  dBm.  The 
results  show  that  the  receiving  radio  was  still  able  to 
coherently  detect  the  distant  signal  with  losses  up  to  -108 
dBm,  albeit  at  a  reduced  data  rate  and  a  need  for  a  longer 
connect  time.  It  is  likely  that  the  ability  to  transmit 
data  through  increased  attenuation  would  be  even  greater  if 
the  forward  error  correction  settings  were  enabled.  The 
software  that  was  used  to  test  the  effective  data  rate  did 
not  count  packets  toward  the  total  throughput  that  were  not 
error  free.  This  method  also  has  some  inherent  error 
because  the  packets  were  sized  for  4096  bits.  If  only  1 
bit  out  of  the  4096  was  an  error,  the  entire  packet  was 
counted  as  an  error.  The  sensitivity  test  is  the  primary 
test  that  should  be  conducted  on  the  radio  prior  to 
integrating  it  into  a  communications  system.  The  test 
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validates  the  manufacturing  claims  for  the  series  and  can 
be  considered  a  quality  check  on  the  individual  radio  prior 
to  being  used  for  further  testing  or  operations. 

c.  Setting  and  Configuration  Testing 

Qualitative  testing  was  conducted  on  the  radio 
configurations  to  develop  recommended  on  orbit 
configurations.  The  tests  were  conducted  in  a  terrestrial, 
high  noise  setting  and  were  similar  to  those  conducted  by 
Tethers  Unlimited  Inc.  (TUI)  on  their  MAST  satellite 
transceiver.  The  Microhard  MXH  2420  and  the  MHX  2400  store 
the  radio  setting  in  numbered  registers  than  can  be 
directly  accessed  by  the  user  in  command  mode.  Each 
register  is  identified  by  the  letter  S  and  a  three-digit 
number.  The  registers  are  set  by  entering  the  command  mode 
of  the  radio  and  then  entering  the  register  number  and 
setting  it  to  a  value,  n.  For  example,  the  data  mode  is 
entered  by  entering  +++  into  a  Terra  Term  interface.  The 
register  is  then  set  by  entering  the  value  ATS108=30.  This 
would  set  the  output  power  to  30  dBm  or  1  Watt.  The 
qualitative  register  settings  and  rationale  will  be 
explained  and  summarized  in  tabular  format  in  section  D  of 
this  chapter. 

B .  BEACON 

1 .  Specifications 

A  beacon  transmitter  was  not  originally  planned  for 
the  satellite.  However,  the  utility  and  need  for  a  beacon 
became  more  apparent  as  the  program  progressed  through  the 
early  part  of  2009.  Over  the  course  of  years,  CubeSat 
programs  had  incorporated  a  beacon  as  risk  mitigation  to  a 
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primary  radio.  The  paths  of  other  CubeSat  programs,  as 
outlined  in  Chapter  I,  as  well  as  NPS-SCAT's  problems  with 
the  MHX  2420,  made  cost  benefit  analysis  of  a  beacon  for 
the  satellite  more  apparent.  Based  on  these  factors,  the 
choice  was  made  to  pursue  a  beacon  for  NPS-SCAT. 

As  of  May  2009,  the  beacon  will  be  designed  and  built 
in  cooperation  with  the  CubeSat  program  at  California 
Polytechnic  State  University  (Cal  Poly) .  The  beacon  is 
part  of  a  risk  mitigation  experiment  for  future  Cal  Poly  CP 
satellites,  and  will  allow  NPS-SCAT  to  transmit  beacon 
telemetry  on  the  AM  Band  using  a  Cal  Poly  radio.  The 
beacon  will  be  built  around  the  ADF7021  High  Performance 
Narrowband  ISM  Transceiver  IC.  Though  the  transceiver  is  a 
COTS  item,  the  complete  beacon  system  is  a  custom 
development  by  the  Cal  Poly  CubeSat  Program.  This  allows 
the  NPS-SCAT  team  to  coordinate  with  Cal  Poly  on 
modifications  that  will  improve  the  integration  of  the 
beacon  into  NPS-SCAT  and  NPS-SCAT++.  Some  of  the 
interfaces  that  NPS-SCAT  and  Cal  Poly  have  agreed  upon  are 
footprint  and  configuration,  power  output,  data  rate,  and 
interface  with  the  FM430.  There  were  two  primary  concepts 
for  the  beacon  circuitry.  The  first  would  be  to  make  a 
custom  PCB  compatible  with  the  Cubesat  Kit  PC104  form 
factor  for  installation  into  NPS-SCAT  and  NPS-SCAT++.  The 
second  concept  was  to  build  a  complete  beacon  antenna  board 
for  mounting  on  the  positive  X  face  of  the  NPS-SCAT.  That 
is,  the  beacon  transceiver  and  circuitry  would  exist  on  the 
reverse  of  the  beacon  antenna  board.  This  concept  would 
allow  the  beacon  to  be  self-contained  and  also  reduce  the 
need  for  integration  into  the  original  concept  for  the  NPS- 

SCAT.  However,  after  discussion  and  review,  the  first 

57 


option  was  chosen  to  reduce  the  overall  complexity  of  the 
system  and  ease  the  burden  on  the  student  working  with  the 
EPS  The  beacon  power  output  will  be  limited  to  0.5  Watts. 
As  the  beacon  link  budget  discusses,  this  is  sufficient  to 
close  the  link.  The  data  rate  will  be  9600  baud.  The  9600 
baud  is  using  the  AX. 25  protocol,  which  contains 
approximately  20%  overhead.  Once  the  overhead  is  accounted 
for,  the  data  rate  is  still  sufficient  for  NPS-SCAT  and 
allows  room  for  growth  for  NPS-SCAT++  as  discussed  earlier. 
The  beacon  will  interface  with  the  FM430  using  the  SPI 
protocol  through  the  main  bus .  Once  the  initial  beacon 
design  is  reviewed,  the  exact  pins  and  placement  will  be 
assigned. 

2 .  Link  Budget 

The  link  budget  calculations  and  values  for  the  beacon 
are  largely  the  same  as  the  primary  radio  discussed  in 
section  3  of  this  chapter.  The  variances  relate  to  the 
radio  specific  values  and  the  differences  in  the  proposed 
ground  station  for  the  beacon  transmissions.  The  beacon 
will  operate  at  a  lower  frequency  in  the  amateur  band.  As 
discussed  in  Chapter  I,  many  satellites  have  used  the 
amateur  frequencies  from  430-438  MHz  successfully.  The 
NPS-SCAT  beacon  will  also  operate  in  this  frequency  range. 
For  the  purpose  of  the  link  budget,  the  highest  frequency 
is  used  because  it  provides  the  lowest  margin  for  the  link. 
The  transmitted  power  for  the  radio  is  planned  for  0.5 
Watts  and  this  figure  was  used  for  the  link  budget.  Based 
on  the  margins  in  the  link  budget,  it  is  unlikely  that  any 
additional  power  would  be  required  to  close  the  link  at  any 
elevation.  The  antenna  gain  figure  of  2.12  dB  is  based  on 
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typical  gains  for  half-wave  dipoles  which  is  the  planned 
antenna  for  the  beacon  (Beasley  &  Miller,  2005)  .  The  peak 
receive  antenna  gain  for  the  ground  station  is  based  on  the 
gain  for  a  double-Yagi  circularly  polarized  antenna.  The 
Space  Systems  Academic  Group  used  the  antenna  as  the  ground 
station  for  PANSAT.  The  ground  station  will  be  re¬ 
initiated  as  the  ground  station  for  NPS-SCAT.  The  antenna 
for  the  ground  station  is  an  M2  436CP42  U/G  Circular 

Polarized  Yagi .  The  Yagi  antenna  is  stacked  to  provide  the 

double  Yagi  configuration  that  increases  the  gain  by 

approximately  3  dB  (Rigmaiden,  2009)  .  The  data  rate  for 

the  link  budget  is  based  on  the  current  plan  to  transmit 
telemetry.  Table  2  shows  that  either  a  1200  baud  or  9600 
baud  will  be  sufficient  for  NPS-SCAT  but  NPS-SCAT++  may 
require  additional  telemetry  so  a  higher  data  rate  may  be 
desired.  The  link  budget  was  developed  using  the  worst 

case  scenario  which  would  be  9600  bps  due  to  the  potential 
requirement  for  additional  secondary  telemetry  for  NPS- 
SCAT++.  The  change  in  values  returns  a  12.6  dB  margin  at 
zero  degrees  elevation  increasing  to  20.0  dB  at  20  degrees 
elevation,  which  well  surpasses  any  recommended  margin  to 

account  for  fading.  The  complete  link  budget  is  included 
in  Appendix  D. 

3.  Beacon  Characterization  and  Testing 

Due  to  the  unavailability  of  the  beacon  at  the  time  of 
this  thesis,  there  has  not  been  any  testing  of  the  actual 
sub-system.  Once  the  beacon  becomes  available,  tests 

similar  to  those  conducted  on  the  MHX  2420  will  be 
conducted  to  characterize  the  beacon  current  draw  and 
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sensitivity.  Once  the  baseline  testing  is  complete,  the 
beacon  can  be  further  integrated  into  the  satellite  for 
more  integrated  tests. 

C.  OTHER  RADIO  TESTING 
1 .  Field  Testing 

a.  First  Field  Test 

To  test  the  radio  in  an  environment  other  than  a 
laboratory,  the  first  tests  were  conducted  in  the  field. 
It  was  hypothesized  that  this  would  be  valuable  testing  for 
the  program  and  allows  the  program  to  validate  the  use  of 
the  MHX  2420.  Extensive  testing  was  conducted  and  planned 
in  the  Monterey  Peninsula  Area.  The  testing  measured 
receive  signal  strength  at  the  radio,  which  is  indicated  on 
register  S123  on  the  MHX  2420  and  the  effective  data  rate 
was  measured  using  the  Python  Serial  Test  Program.  The 
initial  tests  were  conducted  with  the  roof  of  Spanagel  Hall 
as  the  Master  Station  and  a  mobile  station  was  established 
that  moved  from  point  to  point  along  the  test  path.  The 
first  test  is  summarized  in  Appendix  E,  Radio 
Experimentation  Guide.  The  first  test  resulted  in  an 
inability  to  close  the  link  at  a  distance  greater  than  13 
Kilometers.  The  failure  of  this  test  forced  the  team  to 
review  the  test  setup  and  the  equipment  in  use. 

b.  Test  Antenna 

The  initial  testing  used  the  standard  antenna 
sold  with  the  Microhard  Spectra  2420  and  included  with  most 
2.4  GHz  80.11  wireless  network  equipment,  an  antenna  often 
referred  to  as  a  "Rubber  Ducky.  (Pot,  2007)"  and  is 
pictured  in  Figure  12. 
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Figure  12.  2.4  GHz  "Rubber  Ducky"  Antenna  (From  Pot, 

2007) 


When  the  testing  was  conducted,  the  antenna  was 
assumed  to  be  a  monopole  antenna,  based  on  its  shape  and 
conversations  with  communications  engineers  on  the  team. 
Further  examination  and  a  quick  search  on  the  internet 
revealed  that  the  antenna  was  actually  a  half-wave  dipole 
with  a  horizontal  beamwidth  of  360  degrees,  a  vertical 
beamwidth  of  75  degrees,  and  a  gain  of  2  dB  (Pot,  2007)  . 
One  element  of  the  antenna  is  the  conductor  stripped  away 
and  the  other  is  the  metal  casing  and  allows  the  antenna  to 
be  tuned  to  the  correct  length.  The  discussion  regarding 
the  type  of  antenna  being  used  was  generated  from 
conjecture  about  the  effect  of  multi-path  on  the  testing. 
As  shown  in  Appendix  E,  the  first  failed  test  was  over 
water,  which  can  contribute  significantly  to  multi-path. 
It  was  unknown  what  affect  the  multi-path  would  have  upon 
the  signal  but  the  concept  was  worthwhile  to  explore 
further.  Ultimately,  the  antenna  was  not  a  significant 
difference  from  what  was  assumed  but  allowed  the  test  to 
isolate  an  additional  variable  that  had  been  unaccounted 
for  previously  and  introduced  the  idea  of  using  multiple 

antenna  types  during  the  test. 
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c.  Additional  Planned  Field  Testing 

An  additional  limitation  that  was  revealed  during 
the  initial  field  testing  was  the  noise  environment  in  the 
vicinity  of  the  school.  A  simple  spectrum  analyzer 
measurement  of  the  noise  environment  in  the  Small  Satellite 
Laboratory  shows  a  -92  dB  noise  floor  in  the  ISM  Band.  The 
noise  floor  around  NPS  is  likely  to  be  elevated  beyond  the 
local  noise  floor  because  the  lab  environment  is  relatively 
shielded  from  the  rest  of  the  campus  and  the  wireless 
access  signal  is  weaker.  Typical  satellites  do  not  have  to 
deal  with  noise  levels  that  have  been  experienced  in 
testing.  The  noise  floor  drops  off  for  elevation  angles 
above  seven  degrees  and  drops  off  significantly  for  the 
ground  stations  at  elevation  angles  above  10  degrees.  The 
noise  floor  is  lower  for  on  orbit  satellites  in  that  band 
because  galactic  noise  is  reduced  and  ISM  band  noise  is 
largely  attenuated  by  the  distance  (Gordon  &  Morgan,  1993) . 
Based  on  the  results  alternate  locations  were  sought  to 
conduct  testing.  Ideal  locations  were  considered  in  less 
populated  environments  or  locations  where  an  elevation 
angle  of  greater  than  10  degrees  would  be  needed  to 
transmit  to  the  mobile  station.  Based  on  the  additional 
requirement,  additional  locations  were  researched  using 
Spanagel  Hall  as  the  master  station.  It  proved  difficult 
to  identify  locations  that  would  allow  for  an  elevation 
angle  of  greater  than  10  degrees  and  allow  the  team  to 
incrementally  test  the  signal  at  greater  ranges. 

The  search  for  acceptable  test  points  was 
expanded  to  Big  Sur.  The  Big  Sur  location  would  mitigate 
the  noise  using  intervening  terrain  and  less  densely 
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populated  areas.  A  point  of  contact  was  developed  at  the 
Point  Sur  Lighthouse  to  assist  in  this  effort.  The 

lighthouse  would  serve  as  an  acceptable  master  station  and 
had  line  of  sight  to  several  acceptable  locations  where  the 
mobile  station  could  be  located  as  shown  in  Figure  13 
below . 


Figure  13.  Big  Sur  Test  Point  Locations  (From  Google) 

The  locations  were  all  in  clear  line  of  sight  of 
the  Point  Sur  lighthouse.  Based  on  the  locations,  the 
distance  of  the  link  could  be  incrementally  increased  and 
increased  path  losses  could  be  measured.  However,  the 
noise  environment  in  Big  Sur  was  never  formally  sampled  and 
should  be  completed  before  any  test  is  conducted. 
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The  final  set  of  test  points  that  were  developed 
are  the  most  promising.  Coordination  was  made  with  a  local 
Monterey  communications  company  that  owns  access  rights  to 
Mount  Toro  and  Fremont  Peak.  A  large  number  of  microwave 
repeater  towers  in  the  Central  Coast  region  are  located  at 
these  sites  because  of  their  line  of  site  over  long 
distances  and  their  elevation  above  the  surrounding 
terrain.  Based  on  access  to  these  sites,  an  additional 
test  plan  was  developed.  The  test  plan  is  the  most  complex 
and  is  the  most  movement  intensive.  The  plan  requires 
locating  the  master  station  at  two  points  during  the  course 
of  the  test.  Mount  Toro  is  used  as  a  master  station 
location  for  three  radio  links  and  Fremont  Peak  is  used  for 
three  additional  links.  Despite  the  complexity  of  movement 
for  the  test,  the  geography  is  the  most  promising  and 
offers  several  links  where  the  elevation  angle  for  a 
station  is  above  seven  degrees.  The  test  areas  are  also  at 
significantly  higher  elevations  than  the  surrounding  urban 
environment,  which  would  further  attenuate  local  RF  noise 
resulting  from  ISM  band  emissions.  A  graphical 
representation  of  the  test  plan  is  included  in  Figure  14. 
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Figure  14.  Mount  Toro/Fremont  Peak  Test  Point  Locations 

(From  Google) 


This  test  plan  has  the  most  potential  for  future 
terrestrial  testing  and  should  be  used  when  it  is 
determined  whether  additional  testing  is  required  for  the 
communications  system.  Additional  testing  using  balloons 
may  also  be  considered  and  will  be  discussed  further  in 
Chapter  VI . 

Additional  testing  should  also  incorporate 
standard  gain  horn  antennas  available  in  the  Small 
Satellite  lab.  The  test  can  incorporate  various  antenna 
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configurations  at  the  master  and  distant  station  to  test 
for  polarization  losses  as  well  as  free  space  path  loss. 
Once  the  standard  losses  are  accounted  for,  the  actual 
prototype  antenna  can  be  incorporated  to  be  characterized 
in  a  field  environment. 

2 .  Maximum  Data  Rate  Testing 

One  of  the  risks  of  using  COTS  equipment  is  a  lack  of 
fundamental  knowledge  about  the  system.  The  lack  of 
knowledge  forces  a  program  to  trust  the  manufacturer 
specifications  to  a  point  but  also  verify  those 
specifications  such  as  current  draw  and  sensitivity. 
Another  parameter  that  is  important  to  quantify  is  the 
throughput.  Because  the  radio  is  a  COTS  item  and  has  a 
proprietary  protocol,  there  is  an  unknown  amount  of 
overhead  dedicated  to  communication  with  the  distant 
station  radio  and  not  allocated  to  NPS-SCAT  Primary  TT&C. 
In  order  to  quantify  this  overhead  the  maximum  throughput 
was  measured  by  adjusting  the  packet  size  and  rate  from  the 
pc  to  the  radio.  There  are  several  variables  that  can  be 
adjusted  within  the  radio  to  manage  the  throughput,  but 
unfortunately  they  were  too  numerous  to  effectively  test. 
Ultimately,  the  realized  throughput  was  in-line  with  those 
listed  in  the  sensitivity  testing  within  a  small  error. 

3.  Doppler  Shift  and  Path  Delay  Considerations 

Two  unique  characteristics  to  space  communications  are 
the  significant  Doppler  shift  and  the  path  delay.  The 
Doppler  shift  results  from  the  transmitter  having  a 
significant  relative  velocity  to  the  receiver.  In  a  Low 
Earth  Orbit  (LEO)  this  is  about  7.5  Km  per  Second.  The 


path  delay  is  a  result  of  the  large  distances  that  the 
signal  has  to  travel.  This  is  major  consideration  at  a 
geosynchronous  orbit  but  also  must  be  considered  at  LEO. 
The  calculation  is  simple: 


D, 


(m) 


P(  sec) 


(3-13) 


For  NPS  SCAT  at  a  slant  range  of  2667  Km  this  is  a  9 
mS  delay  for  the  downlink  and  another  9  mS  for  the  uplink. 
This  must  be  considered  for  the  hop  interval  setting 
explained  later  in  this  chapter.  Given  the  Doppler 

equation  for  change  in  frequency 


V  =  —fa 


(3-14) 


c 

and  a  relative  velocity  of  7.5  Km  per  second  at  nadir  with 
a  frequency  of  2.44  GHz,  the  Doppler  shift  is  about  61  KHz. 
The  MHX  2420  transmitted  signal  is  approximately  17  6  KHz 
wide.  The  receive  bandwidth  is  about  400  KHz.  This 
feature  allows  the  receiver  and  transmitter  to  accommodate 
Doppler  shift.  The  GeneSat  program  conducted  a  Doppler 
shift  and  path  delay  analysis  that  documented  similar 
results  (Mas  &  Kitts,  2007,  p.  7). 

D.  RECOMMENDED  PRIMARY  RADIO  CONFIGURATIONS 


The  primary  radio  configurations  are  critical  to  the 
proper  operation  of  the  satellite  on  orbit.  Because  the 
MHX  2400  version  of  the  radio  has  flight  heritage,  previous 
operators  were  contacted  and  their  configurations  were 
requested.  In  both  cases,  NASA  and  TUI,  the  operators 
provided  their  configurations  to  the  NPS-SCAT  team.  TUI 
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also  provided  their  test  notes,  which  are  included  in 
Appendix  G.  The  configurations  for  each  radio  are  included 
in  Table  7  and  Appendix  G. 

uHard  Configuration 


Command 

Function 

Comments 

AT&F2 

Reset  system  to  defaults 

AT&F1  for  gnd 
system 

ATE0 

Echo  (0=off) 

ATQ1 

Enter  quiet  mode 

AT  V0 

Result  codes  display 
(0=numbers) 

ATW1 

Connection  result 

Register 

Value 

Function 

Comments 

SO 

1 

Power  up  in  Data  mode 

S101 

2  or 

3 

2  =  Master  Mode,  3  =  Slave  Mode 

SI  04 

** 

Network  address 

S105 

** 

Unit  address 

S106 

8 

Primary  hopping  pattern 

S206 

22 

Secondary  hopping  pattern 

S107 

** 

Encryption 

S108 

6 

Power  level 

0  for  lab  use 

S109 

9 

Hopping  interval 

S1 12 

255 

Packet  max  size 

S1 14 

1 

Packet  size  control 

S213 

5 

Packet  retry  limit 

S1 19 

0 

Quick  enter  to  command  mode 
(0=Disabled) 

S122 

1 

Remote  Control  (1=Enabled) 

S126 

0 

Data  Protocol  (0=data 
transparent) 

**  See  'Satellite  Specific 

IDs' 

Table  7.  NASA  Microhard  MHX  2400  Radio  Configurations 

(Diaz,  2009) 


The  configurations  from  NASA  and  TUI  were  used  along 
with  qualitative  testing  to  develop  the  recommended  radio 
configurations  for  the  MHX  2420.  Though  it  is  likely  that 
this  radio  will  not  be  used  for  the  final  flight  article, 
many  of  the  registers  and  characteristics  are  similar 
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across  the  Microhard  MHX  Series  of  radios  and  the  settings 
can  be  translated  to  the  final  radio.  The  discussion  will 
be  organized  into  three  categories:  arbitrary  radio 
settings,  radio  to  input  interface,  and  radio  to  radio 
settings , 

1 .  Arbitrary  Radio  Settings 

The  arbitrary  radio  settings  can  be  configured  based 
purely  upon  the  desires  of  the  developer.  Though  the 
settings  are  arbitrary,  they  are  not  unimportant.  The 
settings  must  be  carefully  matched  by  both  radios  and 
documented  to  ensure  that  the  two  radios  will  communicate. 
The  MHX  radio  operates  in  two  configurations.  Data  and 
Command  mode.  In  Data  Mode,  the  radio  transmits  to  the 
distant  station  and  accepts  serial  inputs.  In  Command 
Mode,  the  operator  can  configure  the  register  settings  of 
the  radio.  There  is  a  default  command  to  enter  the  Command 
Mode,  +++.  The  command  is  based  upon  an  unlikely  series  of 
characters  that  would  be  transmitted  by  the  radio.  When 
the  radio  receives  this  series  of  characters,  it 
transitions  from  Data  Mode  to  Command  Mode  and  is  ready  to 
receive  register  settings  and  queries.  Unless  there  is  the 
possibility  of  transmitting  the  +++  characters,  the  radio 
should  remain  in  the  default  state.  The  network  address, 
S104,  is  a  ten-digit  number  that  uniquely  identifies  the 
network  between  the  two  radios,  and  allows  the  radios  to 
identify  the  stations  with  which  they  should  be 
communicating.  The  default  setting  is  1234567890,  which  is 
not  recommended.  A  unique  number  should  be  generated  to 
prevent  the  radios  from  communicating  unintentionally  with 
another  radio  and  wasting  the  limited  power  available.  The 
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Unit  Address  for  the  Master  is  set  at  1.  The  slave  address 
is  arbitrary  but  must  be  noted  because  it  must  be  the 
destination  address;  register  S140,  of  the  master  radio.  A 
user  can  also  identify  a  network  mask  to  provide  additional 
security  for  the  radio.  The  network  mask  is  a  coding 
scheme  in  addition  to  the  network  address.  It  is 
identified  by  register  S107.  Because  there  are  several 
million  potential  network  addresses,  this  is  not  necessary 
and  would  only  reduce  the  throughput  of  the  radio.  The 
destination  address  register,  S140,  is  arbitrary  but  must 
be  configured  correctly  or  the  data  will  not  be  recognized 
by  the  slave  station.  This  setting,  register  S140,  is  not 
applicable  to  the  slave  station  because  its  destination  is 
always  the  master,  with  a  unit  address  of  1,  in  a  PTP 
network.  Register  S140  on  the  master  should  be  set  to  the 
same  value  as  register  S104  on  the  slave  radio. 

2 .  Radio  to  Input  Interface  Settings 

The  fundamental  register  of  the  radio,  SO  or  Auto 
Answer,  determines  if  the  radio  powers  up  in  Command  or 
Data  Mode.  It  is  important  that  the  radio  power  up  in  Data 
Mode  on  orbit  to  maximize  the  amount  of  time  that  it  could 
transmit  when  in  sight  of  the  ground  station.  The  serial 
baud  rate,  S102,  is  configured  based  upon  the  maximum 
serial  transfer  rate  between  the  radio  and  the  FM430.  The 
radio  has  a  buffer  that  allows  it  to  manage  data  flow 
between  itself  and  the  serial  input.  It  is  preferred  to 
maintain  data  to  be  transferred  at  the  radio  as  opposed  to 
the  flight  module,  because  the  radio  is  designed  to  account 
for  variable  data  rates.  This  would  be  more  important  if  a 
forward  error  correction  scheme  is  implemented  or  the 
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packet  size  is  modified  on  orbit.  The  Data  Format  register 
should  be  set  to  8N1,  which  translates  to  8  data  bits,  no 
parity,  and  1  stop  bit.  This  is  the  standard  protocol 
between  the  radio  and  the  FM430. 

3 .  Radio  to  Radio  Settings 

Register  S101  configures  the  radio  for  a  point-to- 

point  (PTP)  network.  The  point-to-multi-point  (PMP) 

network  and  the  peer-to-peer  (P2P)  network  are  not 
desirable  because  those  networks  are  designed  for 

communication  between  a  master  radio  and  many  remote 

stations  or  to  create  an  ad  hoc  network.  This  is  not 

required  for  satellite  operations.  The  wireless  link  rate 
is  based  on  what  is  available.  The  MHX  2420  normal  data 
rates  are  115800  bps  and  172800  bps.  However,  the  SL 

version  could  be  purchased  to  reduce  the  data  rate  to  19200 
bps .  As  explained  in  the  link  budget  portion  of  the 

thesis,  this  maximizes  the  energy  per  bit  and  still  allows 
sufficient  bandwidth  to  transfer  the  data  from  the 
satellite  to  the  ground  station.  The  output  power, 

register  S108,  is  based  upon  the  need  to  improve  the  link 
margin  and  is  explained  further  in  previous  portions  of 

this  thesis.  The  hop  interval  per  unit  time  is  an 

important  setting  that  can  ultimately  drive  the  ability  of 
the  satellite  to  maintain  a  link  once  it  has  been 
established.  Longer  hop  intervals  allow  the  link  to  be 
maintained  in  higher  noise  environment  and  under  greater 
losses,  because  the  amount  of  timing  drift  decreases  with 
fewer  frequency  hops.  Unless  there  is  a  significant 

security  concern  with  the  frequency,  this  should  be 
maximized.  Testing  demonstrated  that  a  good  value  was  40 
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mS  and  greater  values  might  further  improve  the  ability  of 
the  CubeSat  to  communicate  with  the  ground  station.  The 
Max  Packet  Size,  register  S112,  determines  the  size  of  each 
packet  that  is  sent  from  the  transmit  station  to  the 

receive  station  in  each  burst.  This  is  graphically 

portrayed  in  the  current  draw  in  Figure  9.  If  this 
decreases,  corrupted  packets  would  have  less  impact  on  the 
quality  of  the  link,  and  retransmitted  packets  would  have 
less  impact  on  the  overall  throughput  of  the  network.  This 
can  be  reduced,  but  it  is  recommended  to  wait  until  there 
is  more  information  on  the  size  and  requirement  of  the 
primary  telemetry.  Packet  Retransmissions  defines  the 
number  of  times  a  modem  will  attempt  to  retransmit  a  packet 
to  its  distant  station  if  there  is  no  acknowledgement  from 
that  station.  The  default  of  register  S113  is  5,  and 
adjustments  to  this  register  should  be  conducted  in  concert 
with  modifications  to  register  S158,  Forward  Error 
Correction.  The  modem  has  several  settings  associated  with 

the  sniffing  and  sleep  functions.  The  testing  conducted  on 

these  functions  showed  them  to  be  unreliable.  These 
registers,  S143,  S144,  and  S145,  should  be  maintained  as 

Sleep  Mode  off,  and  the  power  should  be  controlled  in  the 
FM430  software.  The  final  setting  that  could  improve  the 
data  transmission  between  the  radios  is  the  Forward  Error 
Correction  (FEC)  Mode.  The  initial  recommendation  is  to 
keep  this  setting  off  until  test  data  from  a  full  system 
simulation  can  be  analyzed  for  errors.  There  are  several 
well  known  FEC  modes  available  in  the  software  that  would 
serve  the  program  well  if  needed  and  provide  from  50%  to 
66%  of  the  throughput  available  without  FEC  (Microhard 
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Systems  Inc.,  2008)  .  A  summary  of  all  the  recommended 
radio  settings  is  included  in  the  following  table. 


MHX2420  Recommended  Radio  Settings 

Register 

Function 

Master 

Radio 

(Ground 

Station) 

Slave 

Radio 

(Satellite) 

Notes 

Default 

Setting? 

(Y/N) 

SO 

Auto  Answer 

1 

1 

l=Power  up  in  Data  Mode 

Y 

SI 

Escape  Code 

+ 

+ 

Rarely  Used  Character 

Y 

S101 

Operating  Mode 

0 

2 

0=Master;  2=Slave 

Y 

S102 

Serial  Baud  Rate 

1 

1 

1=115200  bps 

N 

S103 

Wireless  Link  Rate 

1 

1 

1=115200;  Recommend  Lowest  to 
Maximize  Eb/No 

N 

S104 

Network  Address 

Arbitrary 

Arbitrary 

Master  &  Slave  Must  Have  Same 

Network  Address 

N 

S105 

Unit  Address 

N/A 

Arbitrary 

Master  Defaultes  to  0;  Slave 
Arbitrary 

N 

S107 

Network  Mask 

Arbitrary 

Arbitrary 

Added  Security  but  Arbitrary; 
Master=Slave 

N 

S108 

Output  Power 

30 

30 

Unless  Able  to  Reduce  Need  1 
W;30dBm  Out 

Y 

S109 

Hop  Interval 

11 

11 

ll=40ms;  As  hop  interval  slows 
radios  stay  synch  better  at  greater 
distances 

N 

S110 

Data  Format 

1 

1 

8N1;  Driven  by  Serial  Port  Feed 

Y 

S112 

Max  Packet  Size 

255 

255 

Smaller  Packets  Could  Improve  Link 

Y 

S113 

Packet  Retransmission 

5 

5 

More  Could  Increase  Capability  & 
Decrease  Throughput 

Y 

S115 

Repeat  Interval 

N/A 

N/A 

Only  applicable  for  PMP  Networks 

N 

S116 

Character  Timeout 

0 

0 

0=Forces  Modem  to  Transmit 
Minimum  Packet  Size  and  does  not 

increase  buffer 

N 

S118 

Roaming 

Slave  S105 

1 

In  PTP  Network  Master  Must  Have 

Slave  Address 

Y 

S119 

Quick  Enter  CMDMode 

0 

0 

Delays  data  mode  5  secs  on  startup 

Y 

S123 

Average  RSSI 

Output 

Output 

Displays  Receive  Sig  Strenght  from 
distant  unit 

Y 

S133 

Network  Type 

1 

1 

Identifies  PTP  Network 

N 

S140 

Destination  Address 

Slave  S105 

1 

Identifies  Destination  Unit  Address 

N 

S141 

Repeaters  (Y/N) 

0 

0 

0=No  Repeaters 

Y 

S142 

Serial  Channel  Mode 

0 

0 

0=RS232  Interface 

N 

S143 

Sleep  Mode 

N/A 

0 

Sleep  For  Radio  Will  Be  Controlled 
by  FM;  Sniff  Mode  1(3)  could  also 
be  used 

Y 

S144 

Sleep  Time 

N/A 

N/A 

Not  Used  unless  S143>0 

N 
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S145 

Wake  Time 

N/A 

N/A 

Not  Used  unless  S143>0 

N 

S149 

LED  Brightness 

0 

0 

%LED  Brightness;  to  conserve 
Power=0 

N 

S150 

Sync  Mode 

1 

N/A 

Quick  Sych  Allows  Faster  Synch 
Between  Master  &  Slave 

N 

S151 

Fast  Synch  Timeout 

N/A 

N/A 

Only  applies  when  S150=2 

N 

S153 

Address  Tag 

0 

0 

Y 

S158 

FEC  Mode 

0 

0 

Could  be  Changed  if  Problems  with 
Data  Fidelity 

Y 

S217 

Protocol  Type 

0 

0 

Not  Applicable  to  this  Application 

Y 

S237 

Sniff  Timeout 

N/A 

N/A 

Only  applicable  if  S143>0 

N 

S244 

Channel  Request  Mode 

N/A 

N/A 

Only  applies  in  PMP  Network 

N 

S251 

Master  Hop  Allocation 
Timeout 

N/A 

N/A 

Only  applies  in  PMP  Network 

N 

&Cn 

Data  Carrier  Detect 

1 

1 

l=Only  Accepts  Data  When 
Synched 

Y 

&Dn 

Data  Terminal  Ready 

0 

0 

0=DTR  ignored 

Y 

&Kn 

Handshaking 

0 

0 

0=handshaking  disabled 

Y 

Table  8.  MHX  2420  Recommended  Settings  for  NPS-SCAT 


IV.  ANTENNA  DESIGN 


A.  ANTENNA  DESIGN  CONSIDERATIONS 

1 .  Primary  Radio 

The  primary  antenna  has  three  major  constraints. 
First,  the  antenna  has  to  operate  effectively  in  the  2.40- 
2.48  GHz  range  because  of  the  radio  being  used.  The  second 
constraint  was  that  the  antenna  has  to  have  a  reasonable 
omni-directional  pattern  because  the  satellite  is  tumbling, 
and  the  team  cannot  control  which  direction  the  antenna  is 
facing  when  the  primary  telemetry  is  transmitted.  The 
definition  of  reasonable  is  vague,  and  in  reality  is  the 
best  f ront-to-back  ratio  based  on  the  other  two 
constraints.  The  third  constraint  is  that  the  form  factor 
and  deployment  mechanism  for  the  antenna  must  fit  in  the 
CubeSat  volume.  Because  power  is  already  at  a  premium,  it 
is  not  feasible  to  dedicate  an  entire  face  to  an  antenna. 
Instead,  the  antenna  must  integrate  with  the  overall  solar 
panel  layout,  be  simply  deployed  or  require  no  deployment, 
and  fit  within  the  constraints  of  the  P-POD  (Lan,  2007,  p. 
3)  .  The  P-POD  constraints  were  still  used  because  it 
allowed  the  program  additional  flexibility  if  the  expected 
launch  aboard  an  STS  flight  were  to  become  unavailable. 

2 .  Beacon 

The  constraints  for  the  beacon  antenna  were  as 
stringent  as  those  of  the  primary  radio  antenna.  This  was 
despite  the  fact  that  the  beacon  was  incorporated  into  the 
overall  system  design  relatively  late  in  the  program,  as 
described  previously.  The  beacon  has  to  transmit 
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effectively  at  430-438  MHz;  adhere  to  the  P-POD  ICD 
constraints;  have  a  reasonable  omni-directional  pattern; 
deploy  simply,  if  at  all;  and  have  a  footprint  that  allows 
for  maximum  surface  area  for  the  solar  cells  on  the  beacon 
antenna  face. 

B.  EARLY  DESIGN  CONCEPTS 

The  initial  concepts  for  the  primary  radio  antenna 
included  many  of  the  traditional  CubeSat  antenna  designs 
discussed  in  Chapter  I.  Most  CubeSat  antenna  designs  have 
used  half-wave  or  quarter-wave  dipole  antennas.  A  quick 
analysis  of  the  wavelength  at  the  transmitting  frequency 
shows  that  a  half-wavelength  at  2.425  GHz  is  much  smaller 
than  a  quarter-wavelength  at  435  MHz,  and  it  would  be 
difficult  to  incorporate  a  similar  antenna  designs  for  NPS- 
SCAT  at  that  frequency. 


Available  Amateur  &  Non-Licensed  Frequency  Band/A  Table 

Band  Center 
Frequency 
(MHz) 

Use 

A(m) 

A/2  (m) 

A/4  (m) 

21.225 

Amateur  Satellite 

14.12450 

7.06225 

3.53112 

24.940 

Amateur  Satellite 

12.02055 

6.01027 

3.00514 

28.850 

Amateur  Satellite 

10.39142 

5.19571 

2.59785 

145 

Amateur  Satellite 

2.06753 

1.03377 

0.51688 

435 

Amateur 

0.68918 

0.34459 

0.17229 

915 

ISM 

0.32764 

0.16382 

0.08191 

2425 

Amateur 

0.12363 

0.06181 

0.03091 

5740 

Amateur 

0.05223 

0.02611 

0.01306 

10475 

Amateur  Satellite 

0.02862 

0.01431 

0.00715 

Table  9.  Available  Amateur  &  Non-Licensed  Frequency 

Bands/A  Table  (After  National  Telecommunications  & 
Information  Administration,  2008) 
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The  designs  tradeoffs  of  both  antennas  were  considered 
in  parallel.  Because  the  beacon  was  being  developed  in 
cooperation  with  Cal  Poly,  the  natural  design  for  a  beacon 
antenna  became  a  half-wave  dipole,  similar  to  those  proven 
on  the  CP  series  of  CubeSats  launched  by  Cal  Poly.  This 
antenna  design  will  be  discussed  further  in  the  following 
section.  In  an  effort  to  reduce  the  complexity  of  the 
primary  system,  the  deployable  antenna  options  were 
eliminated  for  the  primary  radio  antenna.  This  drove  the 
design  considerations  to  a  printed  circuit  board  (PCB)  log 
periodic  or  Yagi  or  a  microstrip  or  patch  antenna  that  has 
been  used  on  several  CubeSats  to  date  and  is  employed  in 
terrestrial  communications  and  on  many  GPS  receivers  that 
operate  at  frequencies  between  1  and  2  GHz  (GPS  Wing, 
2009)  .  Based  on  the  required  surface  area  for  a  PCB 
antenna,  it  was  eliminated  and  designs  for  a  patch  antenna 
were  pursued. 

C.  ANTENNA  DESIGN  AND  MODELING 

1 .  Primary  Radio 

A  patch  antenna  is  essentially  a  metal  conducting 
plate  suspended  over  a  ground  plane  by  a  substrate 
(Wikipedia,  2009) .  During  the  antenna  design  process,  it 
was  identified  that  the  requirement  for  a  low  profile 
antenna  was  a  complementary  requirement  to  the  relatively 
high  operating  frequency  and  the  need  for  80  MHz  of 
bandwidth  for  spread  spectrum  communications  (Balanis, 
2005,  p.  811)  .  This  is  because  higher  frequency  devices 
generally  require  smaller  components.  The  ground  station 
at  NPS  can  be  configured  to  provide  either  right-hand  or 
left-handed  circular  polarization.  To  minimize 
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polarization  loss,  a  circularly  polarized  patch  antenna  is 
preferred,  but  not  required.  If  a  linearly  polarized 
antenna  is  used,  the  losses  would  still  be  acceptable,  and 
the  ground  station  could  be  easily  reconfigured  to  a  linear 
feed  if  necessary. 

Circular  polarization  for  patch  antennas  can  be 
obtained  in  two  ways.  The  antenna  can  either  be  fed  by  two 
feed  lines  with  a  90  degree  time-phase  difference  between 
the  two  feeds  accomplished  in  a  rectangular  patch  by 
feeding  the  conducter  at  two  different  ends  of  the 
conductor.  The  antenna  can  be  a  single  feed  with  the  feed 
line  offset  from  the  center  of  the  patch  as  in  Figure  15, 


id  *  Nc jrti  A|iure  psNth 
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Figure  15.  Circular  Polarized  Single  Feed  Patch 

Arrangement  (Feed  Offset)  (From  Balanis,  2005,  p.  862) 
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Alternatively,  a  slot  can  be  cut  into  the  center  of 
the  patch,  as  in  Figure  16,  or  the  patch  can  be  configured 
as  a  timmed  square  pattern  as  in  Figure  17 


la?  Right-hand  *b>  Left-hand 

Figure  L4rJ4  Circular  polarization  for  square  patch  wiili  iliiii  slots  on  patch  Ic  =  Wf2.ll 

Lf 2,72,  d  =  c/m  =  Wfll. 2  =  IJ2 7,2). 


Figure  16.  Circular  Polarized  Single  Feed  Patch 

Arrangement  (Slot)  (From  Balanis,  2005,  p.  864) 


i  a)  T rimt rwJ  equate  (L  =  IV }  tb>  El  Mica  I  w ith  tabs 

Figure  14.35  Circular  polari/^lion  by  trimming  op-posite  comers  of  a  square  patch  and  hy 
making  circular  patch  slightly  elliptical  and  adding  [ahs. 


Figure  17. 

Arrangement 


Circular  Polarized  Single  Feed  Patch 
(Trimmed  Square)  (From  Balanis,  2005,  p. 
8  64) 
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The  fabrication  of  a  patch  could  have  been 

accomplished  at  NPS,  though  it  was  not  preferred.  As  one 
of  the  fundamental  philosophies  of  the  program  is  to  seek 
COTS  items  whenever  available,  the  patch  was  the  perfect 
opportunity  to  integrate  a  COTS  item  into  the  program  and 
perhaps  purchase  them  in  sufficient  quantity  to  supply 

future  CubeSats,  without  concern  of  supplier  availability. 
The  Small  Satellite  Lab  Electronics  Engineer,  Mr.  David 
Rigmaiden,  identified  a  potential  patch  antenna  solution 
manufactured  by  Spectrum  Controls  Incorporated.  The 

specifications  of  the  patch  are  included  in  Appendix  E. 
Part  number  PA28-2450-120SA  was  chosen  based  on  the 
specifications  provided  as  well  as  the  form  factor.  The 

specifications  state  the  antenna  may  be  either  right  hand 
or  left  hand  circularly  polarized,  has  a  center  frequency 
of  2450  MHz,  a  voltage  standing  wave  ratio  (VSWR)  of  2:1, 
bandwidth  of  120  MHz,  and  a  4.0  dB  gain  for  a  ground  plane 
of  45mm  by  45mm  (Spectrum  Controls  Inc.,  2006)  .  The  form 
factor  listed  in  the  catalog  was  almost  ideal  for  a  CubeSat 
application.  The  dimensions  provided  are  a  dielectric  of 
2.8  mm  square,  a  height  of  6.36  mm,  and  an  additional 
solder  point  feature  that  protrudes  approximately  1  mm 
above  the  radiating  surface.  Given  the  P-POD  specification 
of  6.5  mm  clearances  for  the  side  rails,  a  clever  mounting 
solution  would  allow  the  antenna  to  be  mounted  without 
infringing  upon  the  P-POD  ICD  specifications. 

There  was  some  difficulty  ordering  the  patch  antenna 
through  traditional  suppliers,  because  they  are  typically 
sold  in  quantities  of  100  pieces  or  more.  NPS-SCAT  was  not 
prepared  to  purchase  antennas  on  that  scale.  While  efforts 

were  undertaken  to  order  the  antenna  through  other 
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suppliers,  a  model  was  built  in  CST  Microwave  Studio  based 
on  the  form  factor  in  Appendix  E  and  conversation  with  a 
Spectrum  Controls  Inc.  sales  representative.  The  materials 
in  the  patch  antenna  were  identified  with  the  help  of  the 
sales  representative  to  allow  realistic  modeling.  The 
substrate  was  identified  as  Alumina  with  a  dielectric 
constant  of  9  and  the  conductor  was  identified  as  thin 
plated  silver. 


To  better  understand  the  antenna,  several  properties 
were  first  calculated  using  the  design  equations  from  an 
IEEE  paper  by  Jackson  and  Alexopoulos  and  the  PA28-2450- 
120SA  antenna  sales  drawing  included  in  Appendix  E  (Jackson 
&  Alexopoulos,  1991) .  Then  a  computer  assisted  design 
model  was  built  and  tested  using  CST  Microwave  Studio.  To 
perform  the  calculations  several  constants  must  first  be 
defined.  The  resonant  length,  LR ,  of  the  patch  antenna  is 


first  calculated  using  the  formula 

_  0.4921 

Lr  — 


(4-1) 


Using  a  center  frequency  of  2.45  GHz,  with  a  wavelength  of 
0.12245  meters,  and  the  dielectric  constant  of  Alumina,  sR  , 
of  9,  gives  a  value  of  ~2  cm  for  the  resonant  length  of  the 
antenna.  The  paper  derives  a  calculation  constant  P  that 
can  then  be  used  to  calculate  input  impedance  and 
bandwidth.  The  equation  for  P  is 


P  = 


1  +  ^(j3w)2  +^((3w)a  + 

20v  ’  560v  ’  10v  ' 


'  1  2  N 
1 — r+717 


m  5/,; 


=  [0.9537](0.894)  =  0.8526  (4-2 


Where  a2=- 0.16605,  a4=0 . 00761,  and  Z>2=-0.0914  are  constants 

provided  in  the  paper  based  on  the  patch  geometry  and  the 
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frequency.  The  propagation  phase  constant,  (3 ,  is  — , 


1 


and  w  are  the  length  and  the  width  of  the  patch  overall, 
and,  the  relative  permeability,  juR ,  is  1,  and  the 

refractive  index,  r/l  is  ->JjUr£r  or  3  for  this  calculation.  To 
calculate  the  radiation  efficiency,  srad  ,  the  power  radiated, 
Prad ,  and  the  surface  power,  Psurf ,  must  first  be  calculated. 
The  three  are  related  by  the  formulas 


Prad  =  80 


f  nu„..  \2f  i  2 


Phnp.l 

T~ 


1  j+ 


60  (j3h7rjuR) 


V 
3  / 


ft  H 


=  4998.5 


surf 


’ rad 


A‘ 


3014.4 


(4-3) 


rad 


P  +P 

rad  surf 


0.6238  =  62.38% 


The  input  impedance,  ,  is  defined  by  the  formula 

_90ifad)Ml 


R,.  = 


LR^r 


(l ) 

2 

•  2  1 

r  7TX0  ' 

— 

sin 

=  565.2C1 


(4-4) 


P 

The  expected  bandwidth  of  the  antenna  is  the  final 
calculation  that  can  be  completed  with  the  design  formulas. 
The  expected  bandwidth  is  120MHz  based  on  the  manufacturer 
specification.  The  equation  for  bandwidth  is 


BW  = 


16  P 


^wV  h 


3V2, 


S  ,£ 

rad  r 


l 


V  L  J 


16(0.8526)  f  0.00635 


(1) 


A)  3V2(0.6238) (9) v  1 0.1 2245 


=  2.97%  =  73  MHz  (4-5) 


This  specifies  that  the  antenna  can  provide  3%  of  the 
bandwidth  at  a  center  frequency  of  2.45  GHz  which  is  73  MHz 
of  bandwidth  (Jackson  &  Alexopoulos,  1991,  p.  409) .  This 
is  significantly  less  than  the  specification  but  does  not 
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detract  from  the  antenna  capability  if  the  performance  is 
consistent  across  the  desired  frequencies. 

The  CAD  model  is  shown  in  Figure  18  with  a  copper 
ground  plane  of  45  mm  by  45  mm. 


Figure  18.  CST  Microwave  Studio  Modeled  Patch,  Part 

#  PA2  8-2450-120  S A 

Using  CST  Microwave  Studio,  an  estimated  VSWR  and  gain 
pattern  were  produced.  The  Voltage  Standing  Wave  Ratio 
(VSWR)  varied  from  1.82  at  2.400  GHz  to  2.1  at  2.440  GHz, 
with  the  center  frequency  VSWR  of  1.89.  Gain  was 

calculated  for  the  modeled  antenna  using  the  far  field 
monitoring  tool  of  Microwave  Studio.  The  pattern  was 
produced  by  the  Frequency  Domain  Solver  for  the  frequency 
of  2.420  GHz.  The  Absolute  gain  pattern  is  shown  in  Figure 
19  from  three  perspectives.  In  the  figures,  the  positive  Z 
Axis  represents  the  direction  the  antenna  is  pointing  or 
the  face  that  the  solder  point  occupies. 


83 


Figure  19.  Patch  Antenna  Absolute  Gain  Pattern,  Part# 

PA2  8-2450-120  S A 

From  Figure  19,  the  absolute  gain  of  the  patch  is 
predicted  to  be  5.65  dB  in  the  positive  Z  direction  of  the 
antenna.  Figure  20  represents  the  RHCP  gain  pattern. 
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Figure  20.  Patch  Antenna  RHCP  Gain  Pattern,  Part#  PA28- 

2  450-12  OSA 


From  Figure  20,  the  RHCP  gain  of  the  patch  is 
predicted  to  be  3.83  dB  in  the  positive  Z  direction  of  the 
antenna.  The  f ront-to-back  ratio  is  8  dB .  There  are  two 
nulls  in  the  pattern  shown  in  Figure  20.  Based  on  the  gain 
pattern,  the  antenna  was  considered  a  good  candidate  for 
the  primary  communications  system.  Because  there  were  a 
variety  of  mounting  option  on  the  satellite  and  the  exact 
specifications  were  not  known,  further  modeling  with  the 
satellite  in  Microwave  Studio  was  not  considered  valuable. 

2 .  Beacon 

A  half-wave  dipole  antenna  is  comprised  of  two 
quarter-wavelength  radiating  elements.  The  half-wave 
dipole  has  been  used  extensively  in  the  CubeSat  Community 
and  is  commonly  used  in  the  amateur  community  as  well.  The 
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design  and  integration  of  the  dipole  is  well  documented  and 
could  be  simply  integrated  into  NPS-SCAT  using  a  design 
similar  to  the  CP  series  of  satellites  in  Figure  21. 


Figure  21.  CP2  With  Beacon  Antenna  Structure  Visible 


The  radiation  pattern  of  a  dipole  of  arbitrary  length 
can  be  generated  through  a  MATLAB  script  called  thin_wire 
used  for  the  antenna  theory  classes  at  NPS .  The  script 
uses  well  developed  formulas  from  the  class  to  model  the 
gain  pattern  for  dipoles  of  arbitrary  length.  The  equations 
model  the  current  distribution  along  the  antenna  a  as  well 
as  the  electric  far  field  pattern.  The  equation  for  the 
current  distribution  is: 


/(r)  =  /0sin 
/(z)  =  70  sin 
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Axis,  and  R  is  the  distance  of  the  observer  from  the 
antenna.  The  equations  can  be  specifically  derived  for 
half-wave  dipoles  but  it  is  not  necessary  for  this 
discussion.  The  thin_wire  script  produces  a  normalized 
gain  pattern  for  the  antenna.  The  three  dimensional 

normalized  gain  pattern  is  shown  in  Figure  22.  The  figure 
is  normalized  producing  a  maximum  gain  of  2.12  dB . 
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Figure  22 . 


Half-wave  dipole  normalized  gain 


The  7  8  degree 


half  power  beamwidth  is  shown 
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Figure  23. 


Half  Power  Beamwidth  &  Normalized  Gain  Plot 


Because  the  characteristics  of  a  half-wave  dipole  are 
relatively  well  understood,  a  significant  amount  of  effort 
has  gone  into  developing  procedures  to  properly  design  and 
implement  the  antenna.  Though  many  of  the  antenna  design 
properties  are  a  function  of  the  antenna  requirements  such 
as  directivity  and  half-power  beamwidth,  typically 
designers  wish  to  optimize  the  efficiency  of  the  antenna  to 
ensure  that  minimal  power  is  lost  during  the  transmission 
of  power  from  the  transceiver  to  the  emitter  (Balanis, 
2005,  p.  854)  .  The  antenna  efficiency  is  typically 
expressed  as: 

e0  =  ereced  (4-8) 

Where  e0  is  the  dimensionless  total  efficiency,  er  is 
the  dimensionless  reflection  or  mismatch  efficiency,  ec  is 
the  dimensionless  conduction  efficiency,  and  ed  is  the 
dimensionless  dielectric  efficiency.  The  reflection 

efficiency  can  be  measured  independently  by  computing  the 
voltage  reflection  coefficient  at  the  input  terminals  of 
the  antenna,  T  .  This  is  also  directly  related  to  the  VSWR 
through  the  follow  equations. 

r  (^~Zo) 

(z»+z0) 

i+|r| 

VSWR= — \-\  (4-9) 

i-|r| 

The  designer  can  control  the  line  characteristic  impedance 
or  Z0  through  the  matching  network  in  order  to  minimize  Y 

and  thus  minimize  the  VSWR,  which  in  turn  improves  the 
reflection  efficiency.  For  example,  a  resonant  half-wave 

dipole  is  relatively  well  characterized  and  known  to  have 
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about  73  Ohms  of  resistance.  Also  typical  is  a  50  Ohm  feed 
line  due  to  availability.  Based  on  formula  4-9,  this  would 
produce  a  reflection  coefficient  of  0.187  and  a  VSWR  of 
1.46,  which  is  considered  acceptable  for  low  frequency 
radios.  Based  on  the  value  of  T,  loss  due  to  reflection  at 
the  antenna  terminal  can  also  be  calculated  using  the 
formula 


\rf=l-\T\2 

4=-101og(|r|2) 


(4-10) 


In  this  example,  that  would  translate  to  a  loss  of  0.155  dB 
for  a  VSWR  of  1.46.  Because  the  feed  will  likely  be  an 
unbalanced  coaxial  cable,  a  matching  network  will  have  to 
be  incorporated  in  the  design  to  match  the  feed  to  the 
balanced  radiating  dipole.  A  common  method  is  to  introduce 
a  balanced  to  unbalanced  transformer  or  Baiun,  into  the 
network  that  essentially  limits  the  current  returning  into 
the  feed  by  presenting  an  open  circuit  to  the  current  waves 
(Knorr  &  Jenn,  2007) .  The  conduction  and  dielectric 
efficiencies  are  difficult  to  compute  independently.  They 
are  usually  expressed  as  a  single  variable,  ecd  or  antenna 
radiation  efficiency  (Balanis,  2005)  .  The  total  efficiency 
of  the  system  can  then  be  written  as 

e0=erecd=ecd(l-\r\2)  (4-11) 


The  antenna  radiation  efficiency  then  allows  the  designer 
to  translate  input  power,  Pn ,  to  radiated  power  Prad  through 
the  equation 


Prad=ecdPin  (4-12) 

Directivity  can  also  be  translated  to  Gain  using  the  same 
factor  through  the  equation 
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D0ecd=G0  (4-13) 

The  length  of  the  radiating  element  is  a  key  component 
to  the  efficiency  of  the  antenna  and  its  ability  to 
accommodate  the  bandwidth  required  for  the  sub-system.  To 
a  certain  extent,  the  length  of  the  antenna  is  fixed.  As 
the  name  of  the  antenna  implies,  half-wave  dipole,  the 
total  length  of  the  antenna  is  one-half  the  wavelength  at 
the  center  frequency.  Table  9  shows  the  various  wavelengths 
of  the  available  frequencies.  Though  the  wavelength  is 
known,  this  is  not  the  appropriate  length  of  a  resonant 
dipole.  An  antenna  length  equal  to  half  the  wavelength 

would  produce  a  non-resonant  condition  and  decrease  the 
efficiency  of  the  antenna  (Knorr  &  Jenn,  2007)  .  The  non¬ 
resonant  condition  is  mostly  due  to  the  imaginary 

components  of  the  impedance  of  the  antenna  which  will  store 
power  instead  of  radiating.  The  antenna  must  be  tuned  to 
produce  a  resonant  condition  by  decreasing  the  length  to 
produce  a  resonant  half-wave  dipole  and  eliminate  the 
imaginary  impedance  component.  The  amount  of  tuning 

required  is  also  a  function  of  the  ratio  of  the  length  of 
the  antenna  to  the  diameter.  In  the  case  of  NPS-SCAT,  the 
antenna  is  not  cylindrical,  but  rather  a  strip  of  copper 
beryllium.  In  this  case  the  performance  of  the  antenna  is 
equivalent  if  the  width,  w,  is  approximately  equal  to  four 
times  the  diameter  or 

w&4a  (4-14)  (Knorr  &  Jenn,  2007) 

In  this  case,  the  width  of  the  antenna  strip  is  fixed  to  4 
mm  based  on  the  structure  of  solar  panel  and  the  clearance 
of  a  P-POD.  Given  the  width  of  the  antenna  strip,  a 
corresponding  radius  would  be  1  mm.  The  ratio  of  design 
length  to  twice  the  antenna  radius  must  be  calculated  to 
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determine  the  percent  shortening  required  to  properly  tune 
the  antenna.  Because  there  are  several  possible  frequencies 
that  the  antenna  could  operate  within.  Table  10  is  provided 
to  illustrate  the  amount  of  shortening  that  would  be 
required  to  properly  tune  the  antenna  based  on  the 
available  amateur  frequencies. 


Wire  Lengths  Required  to  Produce  a  Resonant  Half-Wave  Dipole  for  a  Wire  Diameter  of  2a  and 

Length  L 

NPS-SCAT 

Frequency 

(MHz) 

Length  to 
Diameter 
Ratio  (L/2a) 

Percent 

Shortening 

Required 

Resonant  Half- 
Wave  Antenna 
Length  (cm) 

Dipole  Element 
Length  (cm) 

Resonant 

Length 

L*\ 

Dipole 

Thickness 

Class 

N/A 

5000 

2.000 

N/A 

N/A 

0.490000 

Very  Thin 

435 

172 

4.926 

32.784 

16.392 

0.475371 

Thin 

N/A 

50 

5.000 

N/A 

N/A 

0.475000 

Thin 

N/A 

10 

9.000 

N/A 

N/A 

0.455000 

Thick 

Table  10.  Resonant  Length  Calculation  Table  (After  Knorr  & 

Jenn,  2007) 

The  amount  of  bandwidth  the  antenna  can  accommodate  is 
also  an  important  consideration  in  the  antenna  design. 
This  is  largely  a  function  of  the  operating  frequency,  the 
VSWR,  and  the  length  to  twice  the  diameter  ratio  addressed 
in  the  previous  paragraph.  Although  charts  are  available 
that  can  be  used  to  estimate  the  approximate  bandwidth  for 
a  given  length  to  diameter  ratio,  their  use  requires 
significant  empirical  data  and  was  outside  the  scope  of 
this  thesis. 

Based  on  the  previously  discussed  requirements  and 
calculations,  a  preliminary  dipole  design  for  the  beacon 
antenna  and  the  deployment  structure  was  developed  and  is 
shown  in  Figure  24. 
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Figure  24.  NPS-SCAT  Beacon  Antenna  and  Structure 

Each  element  of  the  antenna  will  need  to  be  the  length 
specified  in  Table  11.  Additional  tuning  can  also  be 
conducted  once  the  antenna  is  installed  to  account  for  the 
electro-magnetic  interaction  with  the  satellite.  This 
tuning  should  only  be  conducted  once  the  flight  model  is 
fully  configured  and  there  are  no  other  planned  changes  in 
the  structure.  The  tuning  will  simply  consist  of  cutting  a 
bit  of  antenna  length  from  the  radiating  element  to  match 
the  network. 
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D.  ANTENNA  ANACHOIC  TESTING 

1 .  Anechoic  Chamber  Background  and  Description 

The  purpose  of  testing  antennas  in  an  anechoic  chamber 
is  to  measure  the  antenna  radiation  patterns  for  each 
antenna.  The  actual  gain  of  the  antenna  is  not  measured 
directly  but  is  inferred  from  measuring  the  returns  of  the 
test  antenna  and  comparing  them  to  the  returns  of  a 
reference  antenna.  The  difference  between  the  two  antennas 
is  then  subtracted  from  the  gain  of  the  reference  to 
calculate  the  gain  of  the  test  antenna  (Broadston,  2009)  . 
The  receive  antenna  is  linearly  polarized  while  the  antenna 
to  be  tested  is  RHCP.  This  adds  3  dB  of  losses  to  the  test 
data,  as  well  that  will  be  accounted  for  in  the  plots. 

The  anechoic  chamber  at  NPS  is  designed  to  measure 
frequencies  above  3  GHz.  The  design  frequencies  are 
primarily  driven  by  the  size  and  composition  of  the 
pyramidal  radiation  absorbent  material  (RAM)  that  lines  the 
chamber  (Broadston,  2009) .  Though  this  introduces 
inaccuracies  into  the  measurement  and  pattern,  it  was  the 
best  method  available  to  test  the  antenna  in  a  controlled 
environment.  There  are  additional  inaccuracies  introduced 
from  the  layout  of  the  chamber.  Due  to  space  limitations, 
the  anechoic  chamber  is  not  a  perfect  rectangle, 
introducing  additional  reflections  that  are,  nevertheless, 
acceptable  for  measuring  the  pattern  of  the  antenna.  A 
schematic  drawing  of  the  equipment  is  included  in  Appendix 
F. 
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2. 


Primary  Antenna  Anechoic  Chamber  Testing  and 
Results 


The  primary  antenna  testing  was  conducted  in  two 
phases.  The  first  phase  consisted  of  testing  the  mounting 
procedure  of  the  antenna  on  a  simple  plastic  backing.  A 
picture  of  the  first  test  article  is  shown  below. 


Figure  25.  NPS-SCAT  Primary  Radio  Patch  Antenna  First 

Test  Article 


The  antenna  was  first  tested  for  its  VSWR  in  the  NPS 
Microwave  Lab.  The  VSWR  was  1.67  at  2.44  GHz.  The  entire 
VSWR  test  results  are  shown  below. 
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PA26-2450-1205A  Pate  hi  Antenna  Mounted  VSWP 


Figure  26.  Mounted  Patch  Antenna  VSWR  Results 

This  was  in  line  with  the  modeling  and  based  on  these 
results  the  decision  was  made  to  proceed  with  a  test  in  the 
anechoic  chamber.  The  anechoic  chamber  results  are  shown 
in  the  following  figures. 
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Mounted  Patch  Antenna  Gain  Pattern 


270 


Figure  27.  First  Patch  Antenna  Test  Article  Primary 

Gain  Pattern 


Patch  Antenna  Mounted  on  GubeSat  Rotated  Gain  Pattern 


2ft] 


Figure  28.  First  Patch  Antenna  Test  Article  Rotated 

Gain  Pattern 
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The  measured  pattern  corresponds  relatively  well  with 
the  modeled  pattern.  The  maximum  gain  of  the  measured 
pattern  is  6.2  dB  compared  to  3.83  of  the  modeled  antenna. 
The  increased  directivity  of  the  measured  antenna  is  not 
significant  but  can  be  attributed  to  differences  in  modeled 
materials  than  those  on  the  test  article.  The  substrate. 
Alumina,  has  different  dielectric  properties  based  on  which 
type  is  used.  The  model  also  provided  a  perfect  electrical 
connection  between  the  ground  plane  that  is  incorporated 
into  the  antenna  design  and  the  additional  45  mm  by  45  mm 
copper  ground  plane.  Differences  in  the  electrical 
connection  could  reduce  the  fringing  effects  and  thus 
increase  the  directivity.  Ultimately,  the  test  article  has 
a  front  to  back  ratio  of  12  dB,  which  is  greater  than  the 
modeled  antenna  but  not  unreasonable.  Improved  mounting 
procedures,  or  the  elimination  of  the  copper  ground  plane, 
could  reduce  the  directivity  and  thus  the  front  to  back 
ratio,  increasing  the  antennas  omni-directional 
characteristics.  Overall,  the  pattern  of  the  first  test 
article  was  very  similar  to  that  of  the  modeled  patch, 
antenna  and  proved  the  validity  of  the  modeling  and  the 
fundamental  mounting  procedures  for  the  patch  antenna. 

The  second  phase  of  testing  was  conducted  with  the 
antenna  mounted  on  the  satellite  frame  in  order  to  test  the 
mounting  procedures  for  the  flight  article,  and  the  gain 
pattern  that  results  from  the  interaction  with  the  frame. 
Because  the  mounting  was  similar  to  the  first  test  article, 
the  antenna  was  quickly  tested  in  the  anechoic  chamber. 
While  monitoring  the  test,  observable  results  showed  very 
poor  propagation  characteristics  that  were  more  than  20  dB 

less  than  measurements  on  the  first  test  article.  Several 
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variations  of  the  test  setup  were  attempted  to  correct  the 
problem.  First,  the  boresight  of  the  antenna  to  the 
receiver  was  verified,  the  stability  of  the  mount  on  the 
satellite  was  verified,  and  the  test  receiver  was  verified. 
Further  examination  showed  that  coax  connection  to  the  feed 
pin  on  the  antenna  was  loose  and  the  solder  was  dislodged 
and  connecting  intermittently.  Additional  stress  relief 
was  implemented  on  the  antenna  mount  using  epoxy.  After 
the  mounting  was  modified,  the  VSWR  was  checked  using  the 
same  procedure  as  the  first  test  article.  The  VSWR  was 
1.62  at  2.40  GHz.  This  was  in  line  with  the  first  test 
article  and  anechoic  chamber  testing  was  initiated.  The 
second  test  article  is  shown  below. 


Figure  29.  NPS-SCAT  Primary  Radio  Patch  Antenna  Second 

Test  Article 
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The  results  from  the  second  test  article  are  shown 


below . 


Patch  Antenna  Mounted  on  CubeSat  Primary  Gain  Pattern 


2Jt] 


Figure  30. 


Patch  Antenna  Mounted  on  CubeSat  Primary 
Gain  Pattern 
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Palch  Antenna  Mounted  on  CubeSat  Rotated  Gain  Pattern 

IB 


Figure  31.  Patch  Antenna  Mounted  on  CubeSat  Secondary 

Gain  Pattern 

The  test  results  show  that  the  antenna  maximum  gain 
increased  to  6.8  dB  for  the  patch  antenna  mounted  on  the 
CubeSat  aluminum  skeleton.  This  is  not  a  significant 
change  from  the  first  test  article.  The  front  to  back 
ratio  has  increased  significantly  to  23  dB  compared  to  12 
dB  on  the  first  test  article.  An  increase  in  this  value 
was  expected  based  on  the  increase  in  conducting  material 
directly  behind  the  antenna.  It  would  be  useful  to  conduct 
further  analysis  of  the  antenna  pattern  without  the  45  mm 
by  45  mm  copper  ground  plane  and  simply  rely  on  the  ground 
plane  incorporated  with  the  antenna  and  the  satellite 
structure.  A  graphical  analysis  of  the  pattern  reveals 
that  that  the  maximum  gain  point,  as  well  as  the  center 
angle  of  the  half  power  beamwidth  is  no  longer  at  an  normal 
to  the  antenna  face.  This  change  in  the  pattern  is  logical 
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based  upon  the  increased  ground  plane  area  in  the  form  of 
the  CubeSat  skeleton  that  is  no  longer  evenly  distributed 
behind  the  patch  antenna.  The  primary  pattern  has  a 
peculiar  feature  at  210  degrees.  It  was  surmised  during 
the  testing  that  this  feature  was  indeed  a  null  but  was 
also  enhanced  by  a  test  artifact  in  the  form  of  an 
intermittent  connection  from  the  transmitter  cabling  to  the 
CubeSat  Antenna.  The  null  should  not  be  this  significant, 
and  there  are  irregularities  at  angles  greater  than  where 
the  null  occurs  in  the  pattern,  that  suggest  other 
potential  test  artifacts.  An  important  feature  of  the 
pattern  is  a  half  power  beamwidth  of  110  degrees,  which 
also  corresponds  to  the  manufacturer  literature. 
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V.  FREQUENCY  COORDINATION 


A.  EARLY  PROGRAM  ASSUMPTIONS  AND  INITIAL  FREQUENCY  WORK 

When  the  NPS  CubeSat  team  embarked  on  its  initial 
CubeSat  design,  it  was  assumed  that  the  program  would  be 
able  to  use  similar  equipment  operating  with  the  same 
emissions  as  other  CubeSat  programs.  Very  little 

documentation  about  CubeSat  communications  sub-systems 
mentions  frequency  coordination.  This  assumption  was  also 
based  on  the  fact  that  the  Microhard  Radio  is  widely 
marketed  as  a  CubeSat  communications  solution  by  Pumpkin 
Inc.,  and  has  been  used  by  NASA  in  GeneSat  and  Pharmasat. 
It  was  known  that  there  were  differences  in  frequency 
allocation  for  civil  and  federal  use,  but  since  the 
frequency  had  been  used  by  NASA,  it  was  assumed  that  NPS, 
as  a  federal  user  would  be  able  to  use  the  same  frequency. 

Initial  frequency  coordination  was  accomplished  by  a 
directed  study  student  working  with  the  FCC .  The  student 
sought  assistance  based  upon  side  note  in  the  Microhard  MHX 
2420  Operating  Manual.  The  note  stated  that  the  radio's 
EIRP  could  not  exceed  36  dBm  without  FCC  approval.  Based 
on  preliminary  link  budgets  it  was  known  that  the  ground 
station  would  have  to  exceed  the  EIRP  threshold  in  order  to 
close  the  communications  link.  The  student  began 

contacting  the  FCC  to  seek  approval  or  an  exception  to  the 
rule  in  Part  15  of  the  FCC  regulations.  Shortly  after 
initial  contact  was  made  with  the  FCC,  the  student  was  re¬ 
directed  to  the  Navy-Marine  Corps  Spectrum  Center  (NMSC) 
for  further  information.  It  was  noted  by  the  point  of 
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contact  that  the  only  frequency  coordinating  authority  that 
the  school  should  deal  with  is  the  NMSC. 

B.  TRADITIONAL  SMALLSAT  AND  CUBESAT  FREQUENCY 

COORDINATION  MEASURES 

Based  on  the  mixed  experiences  of  the  directed  study 
student  and  the  methods  that  NASA  and  others  apparently 
employed  to  receive  frequency  approval,  further  research 
was  undertaken  into  the  frequency  coordination  process  and 
to  document  previous  program's  efforts. 

1 .  PANSAT  and  NPSAT1  Frequency  Coordination 

Since  there  was  already  an  experienced  employee  at  NPS 
for  satellite  frequency  coordination,  research  was  first 
conducted  within  the  Small  Satellite  Program.  Though  there 
are  not  any  published  papers  on  the  frequency  coordination 
of  PANSAT  and  NPSAT1,  the  personnel  who  effected  the 
coordination  are  still  in  the  program  and  were  available 
for  interviews.  Mr.  David  Rigmaiden,  the  Small  Satellite 
Laboratory  Manger  was  primarily  responsible  for  the 
frequency  coordination  of  PANSAT  and  NPSAT1.  PANSAT 

operated  at  a  frequency  of  436.5  MHz,  in  the  AM  Band.  The 
program  first  attempted  to  coordinate  frequency  use  through 
the  NMSC.  However,  when  the  NMSC  adjudicated  the  request, 
they  allowed  the  school  to  directly  contact  and  request 
frequency  approval  through  the  FCC  (Rigmaiden,  2009) . 
Approval  to  operate  at  436.5  MHz  was  granted  by  the  FCC. 

NPSAT1  is  significantly  different  from  PANSAT  in  that 
it  does  not  use  the  AM  Band  for  TT&C.  Instead  NPSAT1 
utilizes  1767.565  MHz  for  uplink  and  2207.3  MHz  for  its 
downlink  frequency  (Sakoda  &  Horning,  2002,  p.  7) .  Both  of 
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these  frequencies  are  within  traditional  space  to  earth  and 
earth  to  space  operational  frequency  allocations  for 
federal  use  (National  Telecommunications  &  Information 
Administration,  2008,  p.  4-36) .  In  these  specific  cases 
the  frequencies  are  assigned  to  the  U.S.  Air  Force 
Satellite  Control  Network  (AFSCN)  (Rigmaiden,  2009) .  The 
team  was  able  to  attain  permission  to  operate  on  these 

frequencies  by  coordinating  directly  with  the  AFSCN,  and 
then  submitting  a  standard  form  DD1494,  once  informal 
permission  to  operate  had  been  granted,  to  formalize  the 
frequency  allocation.  The  process  for  NPSAT1  could  be 

considered  a  more  traditional  government  satellite 
frequency  assignment  process  as  opposed  to  that  used  for 

PANSAT  (Rigmaiden,  2009) . 

2 .  AMSAT  Frequency  Coordination 

Frequencies  that  reside  within  the  portions  of  the 
frequency  band  that  are  designated  as  the  AM  Band  are 

available  for  use  by  any  amateur  wishing  to  operate  a 
radio.  The  only  governing  body  of  these  frequencies  for 
non-federal  users  is  the  Federal  Communications  Commission 
(FCC) .  There  exists  an  organization  whose  mission  is  to 
promote  the  use  of  the  amateur  frequencies  for  satellite 
communication  in  a  responsible  manner  for  the  purpose  of 
educating  amateur  radio  operators .  The  Radio  Amateur 
Satellite  Corporation,  or  AMSAT  does  not  manage  any  of 
these  frequencies,  but  provides  support  to  the  amateur 
community  for  the  efficient  use  of  the  frequencies.  The 
organization  has  several  documents  intended  to  support  this 
goal  and  educate  the  community  regarding  what  is  and  is  not 
permissible  in  the  AM  band.  Several  of  these  restrictions 
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are  applicable  to  the  CubeSat  community  and  must  be 
carefully  examined  in  the  context  of  each  CubeSat  Project 
(The  International  Amateur  Radio  Union,  2006) .  There  are 
several  critical  restrictions  that  limit  the  use  of  the  AM 
band.  They  are  that  the  purpose  of  the  satellite  must  be 
intended  to  either  provide  a  communication  resource  for  the 
amateur  community  or  provide  self-training  and  technical 
investigation  relating  to  radio  technique  (The 
International  Amateur  Radio  Union,  2006) .  The  operator  of 
the  station  must  be  serving  solely  for  personal  gain  with 
no  pecuniary  interest  (The  International  Amateur  Radio 
Union,  2006) .  This  eliminates  many  university  programs 
that  would  need  to  use  funded  staff  or  even  students  in 
some  cases  to  operate  the  ground  station.  The 
communications  over  the  AM  band  may  not  be  concealed  in  any 
manner  (The  International  Amateur  Radio  Union,  2006) .  This 
restricts  encoding  or  encryption  of  the  signal  for  anything 
other  than  "space  telecommand  (The  International  Amateur 
Radio  Union,  2006,  p.  8)  . "  The  most  useful  point  of  the 
entire  paper,  from  the  perspective  of  NPS-SCAT,  is  the 
direction  given  to  apply  for  an  experimental  license  if  the 
operator  cannot  meet  the  restrictions  of  an  amateur  license 
and  still  wishes  to  operate  in  that  portion  of  the 
spectrum.  Experimental  licenses  must  be  sought  directly 
through  the  FCC . 

3 .  NASA  and  Others  Program  Frequency  Coordination 

Based  on  the  knowledge  gained  from  AMSAT  and  the 
previous  NPS  satellite  projects,  a  third  area  of  frequency 
licensing  research  was  conducted  in  federal  programs 
operating  in  the  AM  or  ISM  bands  and  programs  that  had  used 
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radios  similar  to  those  planned  aboard  NPS-SCAT.  Chapter  I 
identified  several  NASA  programs  that  used  the  MXH  2400 
operating  in  the  AM  band,  GeneSat  and  PharmaSat.  There  is 
another  program  that  used  the  MHX  2400  radio  that  was  not 
federally  managed  but  was  a  private  corporation,  the  MAST 
satellite  by  TUI.  An  additional  program  that  was 
identified  in  the  process  of  this  research  was  the  Kentucky 
Space  Grant  Consortium  and  their  KySat  family  of  satellites 
(Malphrus,  2009)  .  The  consortium  owns  and  operates  a  23 
Meter  parabolic  satellite  dish  at  Morehead  State  Space 
Science  Center  that  is  using  a  Microhard  MHX2400  to  provide 
primary  telemetry  to  KySat.  The  frequency  request  process 
associated  with  the  NASA  satellites  and  the  others  is 
different.  Based  on  the  NTIA,  federal  agencies  such  as 
NASA  should  seek  experimental  licenses  for  their  CubeSat 
applications  through  the  Office  of  Spectrum  Management 
(OSM)  which  resides  within  the  NTIA  (National 
Telecommunications  &  Information  Administration,  2008,  p. 
8-1).  The  non-federal  users  should  seek  experimental 
licenses  through  the  FCC .  Both  the  OSM  and  FCC  are 
governed  by  an  overarching  frequency  management  document 
that  specifies  what  frequencies  can  be  used  for  what  and  by 
whom  published  by  the  Department  of  Commerce.  The  document 
is  the  Manual  of  Regulations  and  Procedures  for  Federal 
Radio  Frequency  Management  and  it  is  derived  from  federal 
code  and  international  agreements  governing  frequency  usage 
(National  Telecommunications  &  Information  Administration, 
2008,  p.  3-1)  .  In  reality,  NASA  did  not  acquire  the 
license  for  GeneSat  or  PharmaSat.  The  license  holder  is  a 
Mr.  Michael  Miller  with  Intellus  who  was  contracted  by 
Santa  Clara  University,  the  operator  of  the  ground  station 
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(Miller,  2009) .  Because  the  ground  station  and  the  primary 
telemetry  link  of  the  satellite  are  licensed  by  a  non- 
federal  entity,  Santa  Clara  University  and  Mr.  Michael 
Miller,  they  are  not  subject  to  the  same  licensing 
procedures  as  federal  entities,  which  would  normally  apply 
to  organizations  such  as  NASA  and  NPS .  The  procedure  used 
for  GeneSat  and  PharmaSat  is  applicable  to  both  the  MAST 
satellite  from  TUI  and  the  Kentucky  Space  Grant  Consortium 
23  meter  ground  station.  The  entities  requested  an 
exception  to  the  emission  and  operator  restrictions  imposed 
on  the  AM  Band  and  operate  under  an  experimental  license 
granted  by  the  FCC .  In  the  case  of  the  Kentucky  Space 
Grant  Consortium,  Mr.  Michael  Miller  was  contracted  as  well 
to  expedite  and  hold  the  experimental  license  (Malphrus, 
2009)  . 

C.  THE  FREQUENCY  APPLICATION  PROCESS  FOR  NPS-SCAT 

1 .  Implications  of  Regulations  for  Federal  Frequency 
Management  on  NPS-SCAT 

As  discussed  earlier  in  this  chapter,  there  exists  an 
overarching  document  that  governs  frequency  usage  for 
federal  and  non-federal  entities  within  the  United  States 
and  worldwide.  Many  of  these  regulations  are  applicable  to 
the  NPS-SCAT  program,  some  of  which  restrict  the  program' s 
ability  to  request  a  frequency,  and  others  give  the  program 
direction  on  which  path  to  pursue.  The  first  critical 
restriction  is  the  use  of  the  specific  frequencies.  The 
table  headers  first  divide  the  frequency  allocations  into 
international  and  United  States  as  shown  in  the 
accompanying  figure.  The  international  segment  is  then 
divided  into  three  regions  based  on  the  area  of  the  world 
shown  below. 
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Figure  32.  NTIA  Geographic  Regional  Divisions  (From 

National  Telecommunications  &  Information 
Administration,  2008,  p.  5-01) 

The  United  States  is  divided  into  federal  and  non- 
federal  users.  Once  a  user  has  identified  their  region  or 
their  user  category  the  specific  uses  for  their  frequency 
of  interest  can  be  identified.  In  the  case  of  NPS-SCAT  the 
beacon  operates  in  the  430  MHz  range  and  the  primary  radio 
operates  in  the  2.44  GHz  range.  Based  on  Chapter  8, 
Paragraph  2.17  of  the  NTIA  regulations,  NPS  is  considered  a 
Federal  Station.  The  following  figures  show  the 

delineation  of  these  frequency  ranges  by  the  NTIA  for  both 
frequency  ranges. 
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Figure  33.  NTIA  Allocation  Table  for  the  Amateur  Band 

(From  National  Telecommunications  &  Information 
Administration,  2008,  p.  4-28) 


Table  of  frequency  Allocations £200  2655  MHz(Unr) 


International  Table 

United  States  Table 

FCC  Rule  Part<$)  - 

Regon  1  Table 

Regen  2  Table  |  Region  3  Table 

Federal  Table 

Mon-Federal  Table 

Remarks 

2417-2450 

2417-2450 

Radiuluudljun  02 
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5  150  5  282  5  395 

5 150  5.282  5  393  5.394  5  396 

5  ISO  G124 

5  ISO  5282 

2450-2483  5 

2450-24835 

2450-24835 

2450-24835 

ISM  Equipment  (18) 

FIXED 

FIXED 

FIXED 

TV  Auxiliary 

MOBILE 

MOBILE 

MOBILE 

Broadcasting  (74F) 

Radelocaten 

RADIOLOCATION 

Radelocation 

Private  Land  Mobde 

(90) 

5.150  5  397 

5  150  5  394 

5  ISO  US41 

5  ISO  US41 

Fixed  Microwave  (101) 

nai  «L7Vin 

1  ■> -  2  «  tlVIl 

Figure  34.  NTIA  Allocation  Table  for  the  ISM  Band  (From 

National  Telecommunications  &  Information 
Administration,  2008,  p.  4-39) 

The  table  shows  that  the  use  of  the  frequencies  from 

420-450  MHz  is  allowed  for  non-federal  amateurs  but  is 

restricted  to  radiolocation  for  federal  users  with 

footnotes  of  US217,  G2,  and  G219.  In  this  case  the 

footnotes  are  not  applicable  to  the  applications  required 

for  NPS-SCAT  and  further  define  the  ability  to  operate 

radiolocation  devices  in  that  frequency  band.  The  second 

table  shows  that  the  frequencies  from  2417-2450  MHz  are 

reserved  for  radiolocation  in  the  federal  allocations  and 
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for  amateur  use  in  the  non-federal  allocations.  The  FCC 
Rule  Part(S)  Remarks  column  states  that  the  equipment  in 
operation  in  that  portion  of  the  band  must  comply  with  the 
Industrial,  Scientific,  and  Medical  (ISM)  band  restrictions 
and  the  AM  band  restrictions,  which  are  contained  in  Parts 
18  and  97  respectively  of  the  FCC  Code.  The  ISM  code 

restricts  non-licensed  devices  operating  in  those 
frequencies  to  an  EIRP  of  36  dBm  or  less.  Based  on  this 
restriction,  the  other  CubeSat  programs  that  have  used  ISM 
devices  as  their  radio  must  still  seek  an  experimental 

license,  because  a  ground  station  with  a  EIRP  of  36  dBm  or 
less  is  not  likely  to  close  the  link.  In  the  case  of 
GeneSat,  PharmaSat,  and  MAST;  the  60  foot  parabolic  mesh 

antenna  at  Stanford  Research  Institute  (SRI)  was  used 
initially  as  the  ground  station  (Newton,  2009) .  In  order 
to  create  a  wider  beamwidth,  only  a  10  meter  diameter  area 
of  the  dish  was  illuminated,  but  that  would  still  generate 
an  EIRP  of  42  dBm  (Mas  &  Kitts,  2007,  p.  5)  .  Based  on  the 
EIRP,  the  ground  station  does  not  conform  to  the  ISM 
restrictions  and  would  still  require  an  experimental 
license  to  operate.  The  Kentucky  Space  Consortium  antenna 
has  an  ever  greater  EIRP  at  nearly  50  dBm  and  would  need 
the  same  licensing  as  SRI.  In  the  process  of  researching 
previous  work  many  of  these  experimental  licenses  were 

acquired  and  are  included  in  Appendix  H. 

Though  experimental  licenses  do  allow  for  additional 
flexibility  when  operating  a  radio  in  a  frequency  other 
than  what  it  is  regulated  for,  there  are  still  conditions 
imposed  on  experimental  stations  and  those  are  outlined  in 
Title  47,  Part  5  of  the  Code  of  Federal  Regulations  (CFR)  . 

For  the  purposes  of  NPS-SCAT,  the  CFR  permits  stations 
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operating  in  the  Experimental  Radio  Service  to  conduct 
"Communications  essential  to  a  research  project" 
(Government  Accounting  Office,  2009,  Title  47,  Part  5.51) . 

2 .  Frequency  Request  Process  for  NPS-SCAT  Primary 
Radio 

Based  on  the  discussion  in  the  previous  section,  the 
type  of  license  required  for  the  primary  radio  on  NPS-SCAT 
seemed  clear.  An  experimental  license  would  be  required  to 
operate  COTS  equipment  in  the  ISM  Band,  by  a  federal  user, 
with  an  EIRP  exceeding  36  dBm.  The  team  continued  the  work 
that  was  completed  by  the  directed  study  student,  and 
initiated  further  dialogue  with  the  NMSC.  The  initial 
response  of  the  NMSC  was  that  the  program  could  not  use 
frequencies  in  the  ISM  band  because  it  was  considered  a 
federal  user.  After  a  lengthy  discourse  with  the  NMSC, 
that  was  elevated  to  the  Office  of  the  Chief  of  Naval 
Operations  N6  and  lasted  several  months,  the  determination 
was  made  that  the  NPS-SCAT  could  apply  for  the  use  of  the 
amateur  frequency  under  an  experimental  license.  NPS-SCAT 
was  directed  to  apply  for  an  experimental  license  directly 
to  the  FCC  using  the  FCC  Form  422.  The  application  was 
submitted  to  the  FCC  on  31  March  2009  and  returned  the  next 
day  as  denied  without  prejudice.  Further  conversation  with 
a  representative  from  the  FCC  clarified  the  problem  with 
the  application.  The  FCC  views  the  application  as  a  method 
to  assign  liability,  in  the  case  where  the  radio  interferes 
with  another  emitter  that  has  priority  to  operate  within 
that  portion  of  the  band.  Based  on  this  viewpoint,  and  the 
fact  that  NPS  is  part  of  the  Department  of  the  Navy,  the 
application  must  first  be  submitted  in  whole  to  the  NMSC, 
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approved,  and  then  routed  to  the  FCC  for  final  approval. 
This  process  assures  that  the  Department  of  the  Navy  has 
complete  cognizance  over  radios  operating  outside  of  normal 
parameters  and  is  prepared  to  assume  responsibility  in  case 
there  are  any  problems  with  liability.  Because  the  NMSC 
does  not  deal  with  FCC  forms,  the  NPS-SCAT  team  was 
directed  to  submit  a  DD1494  for  the  licensing  process.  The 
DD1494  is  the  standard  licensing  document  used  by  the  NMSC 
and  the  Joint  Spectrum  Center. 

3.  Frequency  Request  Process  for  NPS-SCAT  Beacon 

The  frequency  request  process  appears  simple  but 
became  complex  as  explained  earlier  in  the  previous 
paragraph.  Based  on  this  experience,  a  different  path  was 
sought  to  license  the  beacon.  Cal  Poly  assumed  the 
responsibility  to  license  the  beacon  as  well  as  build  it. 
Their  standing  as  a  non-federal  user,  simplified  the 
overall  process,  and  reduced  the  interaction  required  with 
the  licensing  authority  to  the  FCC.  Based  on  this 
licensing  arrangement.  Cal  Poly  will  control  the  beacon  and 
the  emissions  associated  with  it,  and  NPS  personnel  can 
only  receive  the  transmitted  data  like  any  other  amateur 
radio  operator. 

D.  EXPERIMENTAL  LICENSE  APPLICATION 

1  Application  Scenarios 

The  experimental  license  application  was  developed  for 
two  scenarios.  The  first  scenario  included  the  use  of  the 
MHX  2420  radio.  Though  this  radio  was  not  desired,  it 
could  function  given  a  more  capable  EPS  that  could  be 
available  aboard  NPS-SCAT++  or  other  variants  of  the  NPS- 
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SCAT  standard  sub-system  design.  The  second  scenario 
developed  a  license  request  for  the  MHX  2400.  The 
licensing  plan  with  two  contingencies  was  developed  because 
there  remained  a  possibility  that  the  MXH  2400  could  be 
procured  even  though  the  radio  was  no  longer  actively 
manufactured  by  Microhard.  If  the  MHX  2400  is  procured,  the 
NPS-SCAT  team  will  conduct  the  same  series  of  tests  as  were 
conducted  on  the  MXH  2420  and  described  in  Chapter  III. 
The  tests  will  allow  the  team  to  validate  the  viability  of 
the  radio  and  submit  a  license  application  based  on  the 
performance  of  both  radios. 

2  DD1494  Explanation 

Completed  applications  for  both  scenarios  have  been 
generated  and  are  included  in  the  thesis  Appendix  H.  The 
Joint  Spectrum  Center  has  developed  software  named  EL-CID 
that  automates  the  licensing  application  by  generating 
database.  The  actual  DD1494  was  completed  with  this 

software  and  electronic  copies  of  the  application  database 
are  maintained  on  the  Small  Satellite  Laboratory  server. 
Because  characterization  testing  was  conducted  on  the  MHX 
2420,  the  full  explanation  of  an  experimental  license 
application  will  use  the  first  scenario  described  in  the 
previous  paragraph  for  the  MHX  2420.  A  significant  portion 
of  the  application  was  provided  by  the  radio  manufacturer, 
Microhard  Systems  Inc.,  through  the  DD1494  that  was 
originally  submitted  for  approval  to  the  Joint  Spectrum 
Center.  The  portions  provided  in  that  DD1494  that  are 
applicable  to  this  application  will  not  be  explained,  only 
the  exceptions.  The  original  DD1494s  provided  by  Microhard 
Systems  Inc.  are  included  in  Appendix  H.  The  application 
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is  divided  into  five  sections,  DoD  General  Information, 
Foreign  Coordination  General  Information,  Transmitter 
Equipment  Characteristics,  Receiver  Equipment 
Characteristics,  and  Antenna  Equipment  Characteristic. 

a.  DoD  General  Information 

The  DoD  General  information  is  intended  to 
identify  the  originating  agency  of  the  licensing  request. 
The  originating  address  on  the  applications  is  the  NPS 
Small  Satellite  Laboratory.  Block  4  is  not  applicable  to 
the  program  because  it  is  completed  in  subsequent  pages  for 
the  receive  and  transmit  modes  of  the  radio.  Block  5, 
Target  Starting  Date  For  Subsequent  Stages,  shows  that 
Stage  2,  or  the  experimental  stage  is  planned  to  start  on  1 
April,  2010.  This  is  based  on  an  expected  launch  date  for 
the  satellite.  Because  this  form  is  not  designed  for  an 
experimental  license,  like  the  FCC  Form  422,  the  other 
stages  are  not  applicable  to  this  application.  Block  6, 
extent  of  use,  is  based  upon  a  normal  day  of  passes  by  NPS- 
SCAT  in  the  ground  field  of  view  based  on  the  previously 
described  orbitology.  Block  7,  is  not  applicable  because 
it  is  documented  in  the  geographic  area  documentation  for 
each  station.  Block  8,  2  unites  used  in  Stage  2,  is  based 
on  the  number  of  units  operating  in  the  same  environment. 
In  the  case  of  NPS-SCAT  or  SCAT++,  there  will  only  be  two 
units  operating  simultaneously  because  of  the  constraints 
of  a  single  ground  station.  The  remarks  in  Block  13  are 
included  to  mitigate  the  requirement  to  coordinate  the 
satellite  frequency  use  with  the  Radiocommunications  Bureau 
of  the  International  Telecommunications  Union. 
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b.  Foreign  Coordination  General  Information 


Block  6  of  this  page  is  the  first  unique  item  to 
the  application.  The  block,  entitled  "purpose  of  system, 
operational  and  system  concepts,"  describes  the  concept  of 
operations  for  the  satellite.  It  is  a  brief  summary  of 
Chapter  II  of  this  thesis.  The  block  also  describes  the 
Federal  Code  that  allows  radios  to  operate  in  the 
experimental  service.  This  part  of  the  code  is  what 
provides  NPS-SCAT  the  justification  to  operate  with  an 
experimental  license.  Block  7  of  this  page  outlines  the 
data  requirements  of  the  satellite  as  described  in  the  data 
budget  portion  of  this  thesis.  Also  included  in  Block  7 
are  operating  characteristics  of  the  radio,  the  frequencies 
it  operates  within  and  the  ability  to  lock  out  specific 
frequencies . 


c.  Transmitter  Equipment  Characteristics 

Much  of  the  transmitter  equipment  characteristics 
are  the  same  as  those  in  the  Microhard  Systems  Inc.  DD1494 
that  was  provided  to  the  NPS-SCAT  Team  by  Microhard  Systems 
Inc..  There  are  additional  items  required  on  the 
application  that  were  obtained  through  a  dialogue  with  the 
Microhard  Technical  Support  Office.  Typically,  the 
transmitter  and  receiver  equipment  characteristics  would  be 
a  single  system  for  each  if  they  are  the  same  equipment  at 
both  locations.  However,  the  ground  station  for  NPS-SCAT 
will  include  an  additional  High  Power  Amplifier  (HPA)  that 
modifies  the  power  output  of  the  transmitter.  Based  on 
this,  two  types  of  transmitters  were  included  in  the 
application  for  the  different  transmitted  powers.  The 
first  block  that  deviates  from  the  Microhard  DD1494  is 
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Block  13,  Maximum  Bit  Rate.  Block  13  is  listed  as  19200 
bps  based  on  the  slowest  bit  rate  available  on  the  MHX 
2420.  This  requirement  is  explained  earlier  in  the  thesis. 
Block  19.  a,  the  Mean  Power  is  also  different  for  the 
transmitter  at  the  ground  station.  This  is  listed  as  10.0 
Watts  based  on  the  HPA  capabilities  for  the  ground  station. 

d.  Receiver  Equipment  Characteristics 

The  receiver  equipment  characteristics  are  the 
same  as  those  in  the  Microhard  MHX  2420  DD1494  with  the 

exception  of  Block  16,  maximum  bit  rate.  Because  NPS-SCAT 
will  operate  at  19200  bps,  that  is  the  bit  rate  listed  in 
Block  16. 


e.  Antenna  Equipment  Characteristics 

The  antenna  equipment  characteristics  are 
independent  of  the  Microhard  radio  system  used  for  NPS- 
SCAT.  The  parameters  are  based  on  the  characteristics  of 
the  NPS  Ground  Station  configured  by  Luke  Koerschner  and 
documented  in  the  thesis  listed  in  the  bibliography  and  the 
testing  conducted  for  this  thesis  on  the  patch  antenna  for 
NPS-SCAT.  For  the  NPS  Ground  Station,  all  the  parameters 
required  for  the  application  are  included  in  Luke 
Koerschner' s  thesis  and  are  listed  in  the  DD1494  included 
in  the  Appendix  H.  For  the  satellite  antenna  equipment, 
most  of  the  information  can  be  extracted  from  Chapter  IV  of 
this  thesis.  Important  points  in  the  applications  are 
Block  8. a.  Main  Beam  Gain,  which  is  listed  at  4.20  dBi  and 
Block  8.b,  First  Major  Side  Lobe  Gain,  listed  as  -21.8  dBi. 
Also  included  are  the  beamwidths  of  110  degres  which  were 
discussed  previously. 
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VI.  CONCLUSIONS  AND  FUTURE  WORK 


A.  RADIO 


1 .  Primary  Radio 

a.  Conclusions 

The  testing  conducted  on  the  MHX  2420 


demonstrated 

that 

it 

is  not  a  good 

candidate 

given  the 

limitations 

of  a 

1U 

EPS  typical  in 

CubeSats . 

This  is 

primarily  based  on  the  current  draw  and  power  consumption 
of  the  radio.  The  form  factor  of  the  device  is  ideal  for 
the  requirements  of  a  CubeSat  and  a  radio  of  similar 
capabilities,  with  a  similar  form  factor,  and  lower  current 
draw  would  be  an  excellent  candidate  for  future  CubeSat 
implementation.  Until  a  better  radio  is  introduced,  the 
best  option  for  the  program  is  to  procure  MHX  2400s  for 
operation  in  the  satellite.  The  MHX  2400s  have  been  tested 
and  documented  by  NASA  and  would  provide  the  means  to 
complete  the  NPS-SCAT  mission  until  better  products  are 
available . 

A  valuable  lesson  learned  during  the  testing 
process  is  that  testing  should  begin  at  fundamental  level, 

isolating  unknown  variables  and  then  extend  into 

environments  where  unknown  or  uncontrolled  variable  are 
introduced.  In  the  case  of  the  testing  on  the  MHX  2420, 
testing  in  the  outdoor  environment  should  have  been 

balanced  with  laboratory  testing.  The  tests  that 

characterized  the  fundamental  aspects  of  the  radio  should 
have  then  been  followed  by  more  in  depth  testing  of  the 
effects  of  radio  settings  in  a  quiet  RF  environment; 

conducted  concurrently  with  tests  in  a  terrestrial  setting. 
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b.  Future  Work 

If  the  program  is  able  to  procure  MHX  2400s, 
testing  similar  to  that  described  in  Chapter  III  should  be 
conducted  on  the  radios.  Following  the  fundamental 

characterization  of  the  radio,  more  in  depth  optimal 
setting  research  should  be  conducted  depending  on  the 
differences  from  the  MHX  2400  to  the  MHX  2420.  Finally,  an 
improved  set  of  terrestrial  tests  should  be  conducted. 
These  tests  should  attempt  to  elevate  the  slave  radio  above 
ten  degrees  elevation  from  the  ground  station.  The  tests 
should  utilize  both  directional  horn  antennas  as  well  as 
the  NPS-SCAT  prototype  antenna.  The  terrestrial  tests 
should  be  conducted  in  several  phases.  The  first  phase 
would  simply  be  MHX  2400s  transmitting  to  each  other  at 
distances  from  1  to  60  Km.  The  distances  that  can  be 
tested  will  vary  because  the  radios  require  line  of  sight 
in  order  to  communicate.  A  good  plan  for  testing  in  the 
Monterey  Peninsula  is  included  in  Chapter  III  of  this 
thesis.  The  second  phase  would  incorporate  the  ground 
station  transmitting  to  a  slave  radio  serving  as  the 
satellite  at  various  distances.  The  third  stage  would 
resemble  the  final  launched  version  of  the  satellite,  with 
an  MHX  2400  in  the  NPS-SCAT  prototype  transmitting  through 
the  primary  antenna.  Throughout  all  the  tests  Bit  Error 
Rate  should  be  measured  as  well  as  realized  throughput. 

Finally,  the  ground  station  remains  to  be  built 
and  integrated.  The  fundamental  structure  for  the  ground 
station  is  in  place,  but  there  is  a  significant  amount  of 
work  to  integrate  an  MHX  radio,  integrate  and  test  the  High 
Power  Amplifier  and  Low  Noise  Amplifier,  develop  an 
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automation  of  operations  scheme,  develop  a  database 
management  plan,  and  test  the  completed  system. 

2 .  Beacon 

a.  Conclusions 

The  choice  to  implement  a  beacon  into  NPS-SCAT 
was  timely.  Though  an  additional  communications  sub-system 
introduces  more  workload,  the  risk  mitigation  that  it 
provides  for  the  overall  system  as  well  the  enhancements 

that  it  provides  to  the  concept  of  operations  makes  it 
worthwhile . 

b.  Future  Work 

The  beacon  system  has  a  significant  amount  of 

work  remaining.  The  beacon  development  board  has  been 
constructed  but  the  flight  article  and  final  integration 

plan  has  yet  to  be  finalized  and  will  need  to  be 
incorporated  into  the  satellite.  The  beacon  ground  station 
at  NPS  is  in  the  midst  of  a  repair,  and  like  that  of  the 
primary  radio,  will  need  to  be  re-integrated  with  a 

transceiver,  an  automation  scheme  developed,  and  the  system 
tested.  Because  the  data  to  be  downlinked  has  a  relatively 
low  refresh  rate,  an  automated  database  is  not  necessary 
but  could  be  incorporated.  Over  the  long  term,  it  will  be 
useful  to  begin  an  iteration  on  the  next  generation  of 
beacon  design  or  firmly  establish  a  relationship  with  a 
beacon  provider  such  as  Cal  Poly. 
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B .  ANTENNA 

1 .  Primary  Radio  Antenna 
a.  Conclusions 

The  primary  radio  antenna  selection  process 
worked  out  well.  The  antenna  that  was  purchased  was  a  good 
fit  for  the  program  and  the  form  factor.  The  difficult 
portion  of  the  antenna  development  was  the  mounting  and  the 


testing . 

The 

mounting 

diagrams  provided 

by 

the 

manufacturer 

in 

appendices 

are  ambiguous  and 

not 

well 

described . 

The 

mounts  that 

were  used  for  testing 

were 

largely  trial  and  error  and  as  a  result  were  sub-optimal. 
This  was  also  a  result  of  the  author's  antenna  mounting 
experience.  Given  more  assets  and  time,  it  would  be 
worthwhile  to  conduct  several  practice  antenna  mountings 
before  attempting  mounting  an  antenna  for  test.  The  value 
of  a  high-quality  mount  cannot  be  understated  and  can  save 
a  significant  amount  of  time  in  the  end.  In  the  case  of 
this  thesis,  three  weeks  of  test  time  would  have  been 
saved . 


b.  Future  Work 

Much  of  the  work  for  the  primary  antenna  has  been 
completed.  Future  work  should  include  refining  the 
mounting  procedure  to  further  reduce  the  VSWR.  Also,  tests 
should  examine  the  value  of  the  45  mm  by  45  mm  ground  plane 
against  only  using  the  ground  plane  provided  by  the  antenna 
itself.  It  is  an  interesting  thought  to  eliminate  the 
ground  plane,  and  thus  reduce  the  directivity  of  the 
antenna,  producing  a  more  omni-directional  antenna.  The 
reduction  of  the  ground  plane  might  also  add  additional 
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placement  options  or  increase  the  amount  of  surface  area 
available  for  solar  cells.  Finally,  testing  should  be 
conducted  on  a  completed  solar  panel  with  the  antenna 
mounted.  Conducting  a  final  characterization  of  a 
completed  panel  would  serve  as  an  assurance  that  the 
pattern  is  acceptable  for  operations  on  orbit. 

2 .  Beacon  Antenna 

a.  Conclusions 

The  fundamental  aspects  of  the  beacon  antenna 
have  been  completed.  The  design  is  simple  but  will  require 
fine  tuning  upon  the  integration  with  the  beacon.  Because 
a  half-wave  dipole  design  is  well  documented,  there  are  no 
significant  conclusions  for  this  portion  of  thesis. 

b.  Future  Work 

Future  work  for  the  beacon  includes  the 
construction  of  the  actual  antenna.  The  deployment  device 
will  also  have  to  be  designed,  though  it  is  simple  and  well 
documented  throughout  the  CubeSat  community.  Finally,  the 
antenna  will  need  to  be  tested.  Unfortunately,  there  is 
not  an  anechoic  chamber  at  NPS  for  the  frequencies  that  the 
beacon  will  operate  within.  Unless  an  anechoic  chamber  can 
be  located,  a  test  similar  to  one  conducted  on  the  PANSAT 
antenna  will  have  to  suffice  to  characterize  the  gain  in 
the  far  field.  VSWR  testing  may  also  be  conducted  which  is 
extremely  valuable  as  demonstrated  through  the  testing  on 
the  primary  antenna. 
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c. 


FREQUENCY  COORDINATION 


1.  Primary  TT&C 

a.  Conclusions 

The  AMSAT  paper  referenced  in  Chapter  V  leads  off 
with  sage  advice  regarding  satellite  communications,  start 
the  frequency  coordination  process  as  soon  as  possible. 
Generally  this  means  during  the  development  process  of  the 
radio.  If  a  COTS  item  is  the  preferred  solution,  then  the 
frequency  research  would  begin  during  the  process  of 
researching  potential  products.  If  nothing  else  can  be 
gained  from  the  frequency  coordination  narrative,  it  should 
be  that  it  is  not  a  simple  process.  Based  on  obstacles 
encountered  and  the  experience  of  the  author  coordinating 
frequencies  in  the  operational  forces,  it  might  be  valuable 
for  NPS  to  explore  a  frequency  manager  position.  A  full 
time  expert  operating  within  the  institution' s  framework 
would  significantly  simplify  the  task,  would  enhance  the 
corporate  knowledge  of  the  frequency  coordination  process, 
and  would  help  formalize  the  relationship  between  NPS  and 
the  NSMC.  Without  a  dedicated  individual,  the  process  will 
likely  be  re-invented  every  time  a  frequency  is  required, 
because  the  frequency  of  any  individual  seeking  a  frequency 
is  low.  Even  if  a  more  permanent  frequency  manager 
position  is  not  established  a  more  formal  process  and 
regular  point  of  contact  must  be  established  at  the  NMSC  in 
order  to  alleviate  the  burden  of  requesting  and 
coordinating  a  frequency  for  every  application. 

The  complexity  of  requesting  an  experimental 
license,  as  well  as  the  NMSCs  reluctance  to  allow  an 
experimental  license  application  to  proceed,  demonstrates 
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the  value  of  operating  within  the  bands  normally  allocated 
for  satellites,  as  documented  within  the  NTIA  regulations. 
In  the  future,  if  a  radio  can  be  built  or  bought  and  tuned 
to  these  frequencies,  its  value  should  be  thoroughly 
explored  against  the  value  of  a  COTS  radio  operating  in  the 
ISM  or  amateur  band. 

b.  Future  Work 

Once  the  actual  system  is  finalized  the  only 
frequency  coordination  work  remaining  is  to  submit  the 
application.  As  mentioned  in  the  previous  paragraph,  there 
are  several  actions  that  could  be  initiated  to  simplify 
this  process  for  future  projects.  Another  avenue  that 
should  be  explored  is  requesting  that  NPS  be  added  to  the 
list  of  experimental  station  in  Chapter  7  of  the  NTIA 
regulations.  These  stations  are  permitted  to  use  any 
frequency  for  "short  or  intermittent  periods  without  prior 
authorization  of  specific  frequencies  (National 
Telecommunications  &  Information  Administration,  2008)." 
Base  on  the  testing  and  experimentation  at  NPS  and  the 
other  stations  listed  on  the  exemption  this  seems  like  a 
logical  path.  The  only  obstacle  may  be  the  requirement  of 
a  frequency  manager  to  support  the  experimental  station 
designation,  though  the  value  of  this  designation  would  far 
exceed  the  cost  of  a  dedicated  frequency  manager. 

2 .  Beacon  Frequency 

a.  Conclusions 

Based  on  the  restrictions  to  operate  in  the 
amateur  band,  the  NPS-SCAT  team  cannot  take  any  action  to 
request  an  amateur  license  to  operate  a  beacon.  Because  of 
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this,  the  only  option  is  for  a  non-federal  collaborator  to 
build  the  beacon  and  coordinate  the  frequency  for  its 
operation.  In  this  light,  a  partnership  with  Cal  Poly  is  a 
great  opportunity  for  both  parties  and  allows  for  risk 
mitigation  of  a  critical  subsystem  for  future  CP  satellites 
and  allows  NPS  satellites  to  broadcast  using  a  Cal  Poly 
radio  operating  with  a  legitimate  amateur  license. 

b.  Future  Work 

There  is  not  much  opportunity  for  future  work  on 
beacon  frequencies.  Unless  an  overall  exemption  to  the 
NTIA  licensing  requirements  may  be  obtained,  as  described 
earlier,  NPS  will  never  be  permitted  to  use  a  transmitter 
on  orbit  operating  in  the  amateur  band  without  an 
experimental  license.  Again,  this  restriction  and  the 
ability  to  overcome  it,  demonstrates  the  value  of  a 
dedicated  frequency  manager  to  the  entire  school. 
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APPENDIX  A.  CONCEPT  OF  OPERATIONS  NARRATIVE 


Assumptions : 

Approximately  92  minute  orbit  period 
56  minutes  in  eclipse  and  sunlight  each 

Data  values  for  current  and  voltage  measurements  need  to  only  be 
16  bit  floats 

Abbreviated  Telemetry  (includes  system  health  and  15  point  IV 
Curve)  is  between  154  and  242  bytes  depending  on  SLIP  characters 

Full  Telemetry  (includes  historical  system  health,  100  point  IV 
curve,  temperature  and  sun  angle)  is  between  494  and  922  bytes 

System  Health  is  defined  as  current  draw  for  each  subsystem, 
battery  voltage,  temperature,  and  count  of  watchdog  timer  resets 

Historical  System  Health  is  defined  as  System  Health  that  is 
sampled  once  during  an  operational  period  for  each  operating  mode 

An  operational  period  is  defined  as  the  timeframe  from  one 
primary  TT&C  downlink  to  the  next 

There  are  four  operational  modes: 

o  Sun  Mode  -  The  generation  of  IV  Curves  for  each 

experimental  solar  cell,  temperature,  and  sun  angle. 

o  Eclipse  Mode  -  The  mode  active  during  which  there  is  no 
voltage  generated  by  the  power  cells  and  minimum  systems 
are  functional 

o  Transmission  Mode  -  The  broadcast  of  Full  Telemetry  and 
active  communication  with  the  ground  station 

o  Beacon  Mode  -  The  broadcast  of  Abbreviated  Telemetry  using 
a  simplex  communication  link,  transmitting  every  two 
minutes  for  30  seconds 

Operational  Timeline: 

Launch 

o  NPS-SCAT  is  launched  from  SSPL  via  NPS-SCAT++  OR  from  P-POD 

o  Four  hour  timer  is  initiated  to  ensure  batteries  are  fully 
charged  prior  to  commencing  operations;  FM430  is  powered  on 
after  launch 
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Start-up  Operations 


o  Verify  battery  voltage  is  within  required  tolerance 

o  If  battery  voltage  is  within  tolerance,  then  NPS-SCAT  will 
commence  Normal  Operations 

o  If  the  batteries  are  not  within  tolerance,  timer  will  be 
reset  for  4  hours  and  repeat  Start-up  Operations 

o  If  Start-up  Operations  has  been  cycled  three  times  and  the 
battery  voltage  is  not  within  tolerance,  then  NPS-SCAT  will 
commence  Normal  Operations 


Normal  Operations 

o  Check  for  power  generated  from  solar  cells 

■  If  power  is  being  produced  (i.e.  NPS-SCAT  is  in  the 
sun)  : 

•  If  power  is  produced  by  the  z-axis  solar  cells, 
the  positive  and  negative  z-axis  temperature 
sensors  will  be  compared 

•  If  the  positive  z-axis  is  warmer  (i.e.,  sun  is 
shining  on  experimental  solar  panel) ,  enter  Sun 
Mode 

•  Fifteen  minute  timer  will  be  activated.  Taking 
one  full  I — V  curve  every  15  mins. 

■  If  power  is  not  produced  (i.e.,  NPS-SCAT  is  in 
eclipse) : 

•  Enter  Eclipse  Mode 

o  If  a  ground  transmission  is  received,  any  ongoing 

operations  will  be  interrupted  and  NPS-SCAT  will  enter 
Transmission  Mode. 

■  Upon  completion  of  necessary  communications,  NPS-SCAT 
will  be  directed  to  return  to  Normal  Operations. 

o  Beacon  Mode  will  be  continuously  active 

Data  Analysis: 

Based  upon  the  above  orbital  assumptions  and  preliminary  data 
packet  size,  the  worst  case  required  downlink  time  over  the  ground 
station  was  calculated  to  be  129  seconds  per  week. 

As  per  the  CONOPS : 
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Primary  Telemetry  (MHX2420) : 

Each  Full  Telemetry  message  (including  full  100  point  IV  Curve, 
temperature,  sun  angle,  and  system  health)  is  between  764  and  1264 
bytes . 

Number  of  Watchdog  Timer  Resets:  15-19  Bytes 

15  Temperature  Measurements:  225-285  Bytes 

Sun  Angle:  21-31  Bytes 

Battery  Temp,  Current  Voltage:  90-114  Bytes 

100  Point  IV  Curve:  413-815  Bytes 

TOTAL:  764-1264  Bytes 

For  the  most  probable  case  (approximately  764  bytes  per  message) ,  there 
will  be  three  IV  Curves  and  other  data  generated  per  orbit  resulting  in 
2292  bytes  of  data  per  orbit.  There  are  approximately  16  orbits  per 
day  resulting  in  36672  bytes  generated  per  day.  The  primary  telemetry 
will  be  transmitted  at  an  interval  not  to  exceed  one  week  which  will 
result  in  256704  bytes  available  for  downlink.  Using  the  MHX2420 
lowest  data  rate  available  of  19200  bps  (2400  Bytes  per  second)  would 
result  in  a  total  downlink  time  of  106  seconds 

For  the  worst  case  (approximately  1264  bytes  per  message) ,  there  will 
be  three  IV  Curves  and  other  data  generated  per  orbit  resulting  in  3792 
bytes  of  data  per  orbit.  There  are  approximately  16  orbits  per  day 
resulting  in  60672  bytes  generated  per  day.  The  primary  telemetry  will 
be  transmitted  at  an  interval  not  to  exceed  one  week  which  will  result 
in  424704  bytes  available  for  downlink.  Using  the  MHX2420  lowest  data 
rate  available  of  19200  bps  would  result  in  a  total  downlink  time  of 
176  seconds.  Downlink  time  will  be  shorter  since  downlink  will  be  in 
shorter  intervals,  with  fewer  SLIP  characters  and  a  potentially  higher 
data  rate . 

Secondary  Telemetry  (Beacon) : 

Each  Abbreviated  Telemetry  message  (including  abbreviated  IV  Curve, 
temperature,  sun  angle,  and  system  health)  is  between  424  and  584 
bytes.  The  abbreviated  IV  Curve  and  System  Health  will  be  broadcast 
continuously  during  the  active  period  of  the  transmitter. 
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APPENDIX  B.  CONCEPT  OF  OPERATIONS  VISUAL  FLOW 

CHART 


Naval  Postgraduate  School 

Solar  Cell  Array  Tester 


Concept  of  Operations 

Visual  Flow  Chart 
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START-UP  OPERATIONS 


NPS-SCAT  is  launched  from: 
SSPL  via  SCAT++ 
P'POD 
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NORMAL  OPERATIONS 
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START-UP 
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TRANSMISSION 
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SUN  MODE 
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ECLIPSE  MODE 
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BEACON  MODE 
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APPENDIX  C.  MICROHARD  MHX2420  SPECIFICATIONS 
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MHX2420 
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NPS  SCAT  2  4GHz  DwinLink  Budgefi 
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UPS  SCAT  UHF  Beaton  Downlink  Budget 
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APPENDIX  E .  SPECTRUM  CONTROL  INC . ,  PATCH  ANTENNA 
SPECIFICATIONS,  DRAWINGS,  AND  MOUNTING  PHOTO 


/  A 


SPECTRUM  CONTROL  LMC 
A  Ccwilitri  PvwjucB'  Sfydvn* 


elements 

&  assemblies 
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SPECTRUM  CONTROL  TNC. 

A  Control  Products  and  Systomi  Cwipktny 

antenna  solutions 


CrranK  polch  an  brfnn  jit  pu+mfi  it 
gupiiuify  due- 1  a  Ihror  low  profile  dnign  and 
IhncflKlW  IjJmr^ofpfflDfmnrc  antf  prior . 

^  £pcdn*l  Contnd  w»?  fw  dr^qxd  a  cgrqpl*fr 

Inf  gf  p-nchi  jnlci-iiwTL  iK^C  Jff  dttfpfd  SO  oplnxjf 
IhebjeWtWwiri  jiid  mqrtKjri  ilJ  vgriJi  k-  uVArrt 
wirfei*  priKtali  ficytitd  Ihc  product  iLvcft 
Speclrum  Control  oWcn,  rarU  £  law  Ic-cHtpcjI  cupped 
tom  «J  ispertcrted  er^neiru^  dcpjrtramvl . . . 
cm  j  wavriM^lh  ypu  can  unfknijndl 


spectrum  patch  antenna  attributes 


patch  antenna 
applications 

Satellite  Rased 

*  CPS CtfVUrtd  (LI)  JL  IMthy  (L2) 

*  QclKtSUr  rvlLcfin^  A™A%tn?  SEM$ 

*  Irvfapri 

*  InmarHt 

Terrestfial  Bawd 

*  ISM  (BftAnlry.  Scwrli&t.  £.  MeckJ) 
•Ziglwr 

*  ehiefsMth 

•RFID 

£«■•*  R»taqf  uP*r  ■  nli^Cr  Jff«- j--.#ii 


■  Srtwll  Footpc-iS:  Dmcmtonifof  aniema*  (rom  t  OHi  id  J  Ob 

n  ioin  1 5  mm  to  SGmni  wjiairr  {ractirin^  dir  jyocind  pirn). 

*  Lou  Profi  Ik  Arrtefrvjit  ck’'ujrn«l  with  hjtficr  -durlctL-rx.  vJun  «  Cypx  Jty 
^mninh^^^liig^n  JfW  b^MI M» 

be  at  b*  at  ‘trrtii. 

*  Tlmr  uikil  jntcnrw  ran  br  @1  propt  Mh  LdL-  mater- 

*  IfcfTMtik:  AmefltsjiJKJt  only  lE9ft!«ut  jnd  *Wfiue  wvlfly  poUnjdrJ 

vpuH but  Jw  hHTJrfy  pjtin;L-J  vgruK 

■  bow  Cost :  Oix  antatro  dements  art  wry  jtfo*dabie  ^  snufi  and 
Ea^c- vdLvnc. 

*  Fko.it4c:  Antenna*  c  jn  be  Imcd  jnd  opLmzed  vwy  EJirfy  mJur^, 
pnrtoi^pm^  ijJKit  and  («t  nffcclm. 

*  Omiw  dirrclkxwil:  ■'inLctiru  ucLfbon  pBrmi  provide  ra«4ent  j^Jin 

xr<wi  a>  rfevatem  *n#ct  bill  can  aJ»  br  iftanipiJbiod  fen-  mon? 
iot  used  rvtjuntftcwLi 

■  Perform*  iter;  Tlieir  pa^inr  ij-ixjI  gj«n  (■etponie  from 

A  d&«  lo  £  dti  for  kitf-power  bcjrTTAichiv,  d  IhD  do^m.  Cam  jC 
bomhe-  (^D  dcf^m  fJcvjlixi)  can  exceed  6  dBv  tiependir^  upon 

Ihc  proper  Htal  ion  ol  d  @rtMX(  p^OC 

■  Milit.ii1  y:  w-  h*-*  denthr  cxpenenc*  m  Fwfcrif-d 

mAUnr  deserts. 

■  TcilPig;  All  of  mw  prtfckxl-i  unr  be Med  100%,  cfl  eirth bffl  bribing 

iyi  Enm  Id  mirUiT  qiw  1 1  y  perfiirnvK.fr. 

prototyping 

We  can  pn>vidr  quw.L.  Lim«  puiuhpci  by  uvdg  w  url-wCc  cn^HcerKlig  Lib 
bn  Kind  luw*ve™itm(Ei*«^iitn  meeE  yoix  ifwiific  nceili.  Fprackaxird 
dttfiPV  wr  •itfe-  S-P  c£xnpi^T  mvdcfmift  In  capbrnr  Jrtte™-u  pfrbomunce 
jnd  pipwdr-  Cip«tfd  rrjl  iMpdd  *ruit^  of  h^N  tokirw  pfod*»dwn 


£ 
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Ld'^  >i  D«lctt<'[  C**hL-t**t  AT-  1575  MhErJi 


•*  pwijpj^nf  (35  ninajrfth) 


rROk.E'C  ■  fi(£!taziMftl  -  Etnwft.  F*  l*m  ■  Atom?  BI+JM iSTl  -  ^|MNAll9  *  wtEKmaP 

■$«.C  1MIH  CO*'  rwrjt  G  mt.ll  -  llanxnmuiB  ■  31  JIB  Sd-oindr.  Gonrenv  ■  hwr*.  -ij.  -ji  2S>  WO  ■  P«:  (*ft9l22-?»-Sfl 


Optimizing  Performance 

Dorft  tru5J  n-weptGn  to  ^  Leg  us  hftip  you 

design  n  rigftt  ew  rina  fimai  Our  ongnoortog  b&am  s  ro^cty  to 

help  identify  cnlical  Issues  sue  h  as  the  board  layout  ground 
pk^  m&ynrmg  prid  p<^  m^^meril  tJifU  wi 

trio  sPfeiBfty  orf  the  asotormn .  Wol  took  ad  (w  jjatifiz-atpon 
arid  nrfatofl  piMSfrtS.  gain,  impedance  nucdtirnj  and  trnquc-rcy 
5de*a,nce  to  cblBrnwe  the  deal  pa'oh  k>r  your  design.  With  our 
compute  mcMjeiirig  abdinjs,  we  can  qUcfcty  dtfer  mne  your  bosi 

opftons,  in  adefrofi.  wfl  c"ii£o  haws  an  w-srin  .mocMc  cswtttKM- 

Ed  Yattdala  poitonnance.  Our  ftexida-  manufacture)  and  lestsng 
praxes  aitowua  to  &nsrfy  ar^jgrnmodaLa  th?  required 
ac^usiments  to  sifpty  an  cpljn^cclanlannii. 


Key  Factors 


C«Wind  p&ui?: 

During  tfie  tsas^pnocsss,  oonsicter^ion  must  be  tjvon  10 

Pro  seze  and  con  figuration  of  t ho  ground  plane. The  ground  piano 
has  s*45stanbai  ertocts  on  the  perbrnaro  of  tho  arttonrfl,  Trysw 
effects  metoefo  fco^uenev  shA..  yufe.  an#  itHio  und  radawn  pattern 
See  adettond  grtxnrf  plane  epOmizatKn  netes  or  pagtK  G  and  7 

Demynt  SiWL 

The  amdunl:  od  spac*  ariiaWo  tor  the  ortenna  eteroent 
determines  not  onfy  the  materia)  retrod  tui  also  Iho  refciEedi 
perfemvincc  trial  can  be  rtfpochKl  Trio  demerit  wo  reiaies  to 

toa  matorU  itei  wlte  scSiHS&d.  iha  shapo  of  tf»  hkHnenr.  and 

the  motatjraDon  pa  Rem .  Each  of  those  has  a  atoslanhal  elftKt 
on  etectrkaJ  perisrmanee, 

AivcrrnWy  C-Oiifipir  f.  rem  : 

The  TnaF  a&yimbfy  ctinfsgu ration  also  sheds  element 
performance,  Tho  posnton  of  other  components,  oic,  nfficcis 
the  GM^ed  p&rtofritsnee  of  the  etomstri. 

Jht  qtfffoflftf  |J»r  i*t  HWfUct  m  »hcJi  JfWtrtirti  Coifa/? 

si utf  f  ctf  tiUriJ  in  im  cf^nnhed'  Einto™  rilrrmi  C  b  fityjur  fttak 


ISO  9C01  QS  9Gw 


iv*  »e  JlD 
*—♦  B+— *> 


Cn-I(rr  Pir-iI.ur.nH  j-  bT  f^iri-jnai:!  JHP  i'ir  (15  mm|ij(tJi] 


ID  JB  iriirn  lim  4i  j  nJ-A-nlLPi  n. 

diriffUH  LonvimE  (I  -  l£FS  Mil) 


41 

hL  *  hu 

|Uhi| 
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3Pit™a^cafiTT«JiirfC 


Patch  Antenna 
Elements 


Features 

■  Tfinfifrtraiurt  stjfca  K  *t6S*C) 

■  L(^  return  l«s 

■  Unrkwm  diflleclricoarislant 

■  Ofl  Ml  Single-  poiRl  feeding  mtfhoij 

■  Custom  designs  awiilsfcft?  (900  MHz  !□  4-0  <frU) 

■  Sitaf  plated  electrode  and  probe 
m  Sy*r,-vce  toupI 

■  50  Ohm  impedance 

■  RdHS  parts  ava  -ab!c 


Ordering  Information  -  Slandard  Single  Frequency  l^tch  Element 
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Jo  otiJrr  finHS  WTvorn,  ihiCw  ddtJua  ip  pari  rwrfrr  «™J  T F“  to  tbr  of  (Hie  prcrt  Eli  f#W41  wtUmiJ 

tanuill  factory  for  tiii  tom  parti  or  optima rd center prqumm  for  your  \,petifrf  appkcriKim. 


Dmi  Frequency  SMD  Patch  Element 

Spedlrum  Control  otters  an  mnavatrw  sdirdon  tardus  foequencv  apphc^Ctons. 
Qur  rctaUa)  SMD  antennas  can  be  mounted  on  an  ground  plane  tp 
^eStiress  botti  fctKfwencifti  at  on®, 


Pirtt 

Cra«n  il  fUnt 
TTPrSi«litm| 

BMSCBI:5.1575SA 

i 

i 

■  ™?s 

1  F 

*4..^*  CVP3iCertrt-i 

Curujlt  Fanny  forM  pmdurt  ifirtiah. 


j  SKCWlMCaNTTWilftC-  ■  Sttc  hm  ^  ^  P*  1(ii&  -  Ph**  (i4-.T4.np.  -  F*.  irt-*J431B  *  Wgm 

SKCrmiHOCMftKIt  CS^  -  HlWiMt  ■  flisMMwKh.Q*^  .  Pm  t*9vSi»T4SC  » 
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Hem  an  CQimwi.  nc 


Patch  Antenna 
Elements 


Reference  Outlines 


$F£CTHUn COM TltOi.  ■  B»I  Aran*  ftd  *  P**ww.  W  lHlJ  #  IV*  ShUF+lSTl  -  *  WHIk 

^aJtUi*  CONTROL  Cn*H  •  UvukiwE  *  D I  «W  &pmvw^  *  *  *■*- HS.m&W’tfl 
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3PLt™a^cofin«Jiirfc 


Patch  Antenna 
Assembly  Options 


Features 

■  Availab'c  i ft  parti!  assembly  to  compicle 

■Plug-n-Play'  assemblies 

■  or  min  -  toquoncy  plages 

■  Optimized  designs  few  piih.  periormAice 

■  100%  iAslod 

■  Custom  design.j 

■  FkratoiHy  on  catta  and  cofinedor  selection 

■  Star-data  des:fltis  itv^  ifltjie 

■  AeroAslrG  SEH5 

■  G'oba!s4nr 
r  rr^ium 
♦GPS 

■  Ro  H$  cornpalible  parU  availafre 

Design  Options 

Spctlrum  Control  can  supply  nearly  any  variation 
to  mMl  yPur  dd^ign  htedi.  ufiing  Ihn  ihre* 
r&assdicatOTts  d  asssTtr'ss  lhal  we  manufacture. 

0urnS6i^Canten^*d  fcirt«tyiurtttth4Ai«l. 
cabi€  length,  connocloc  and  other  specs  Fca  bon.  Each 

design  4  ew»!jai«i  1 0  prevde  m  cjaimapd  performance 

to  ac^ev®  maximum  ga  in.  «rtmdl  fanfry  »i|#i yut# 

specie  AMl 


AC  Se  ries 

patch  A-iienna  mourned  o*  a  giovnd  plane  mm  » 

Connector  mounted  GfciBCIty  to  the-  PCS.  SEarvJarJ 

connector  is  MMCX . 


AH  Series 

Patch  An  ter  ra  mourned  o"  an  opflirmz-ad  ground  plane 
wiBi  a  p=giaii  csbte  to  aevwHtni  which  s  turned 

m  packed  re*  me  piasta  rsdwni  mai  dma  ihs 

complete-  assembly.  SEandaiid  cable  is  RG-31G  1o 

MMCX  at  SMAcpnneders,  tfrfene  avofiafeie. 


Antenna  Design 
Considerations 


Ground  plane  OpIimizaE ion 

f  uftoameniaJ  10  tt*  portornrwiG®  <A  a  patch  amenno 
is  the  interactan  with  the  ground  pfane.  The  loliwing  is 
a  bred overviw ot the  nterplay  between  IHa  element 
and  Ihe  p&ii/id  plan*.  Consider  the  classsc  cas*  ol 
GPS  4®ccpliOA  where  it  n  ikafy  lhal  th*  eustomisr  may 
hava  lha  recerw  in  a  1ms  than  an  ideal  efmrtxirnpm 
(e,g.  under  trees,  ins-ds  ol  buitomgs.  various  etevabgns) 
reducing  Ih®  pos&feity  of  reception.  ‘OrHhe.Sheir 

ccmpor-B^s  do  jpot  -address  fruS  concern,  which  why 
it  is  so  important  lot  the  element  lo  i>e  efiesajred  for 
t3i«  grourd  psane.  Incuefi^ng  efk^noy  «n  redi^fl  lha 
c#d  sian  times  amj ora-w  i«t  power  1*0™  the  bahery 
supply,  in  adtUion  Id  ?hs  improving  performance. 


[ - 

AP  Series 


Patch  Antenna  mourned  on  a  gramiwl  plana  wflh  a 
C-^aii  eafito  to  a  connedo*.  Shuncferd  designs,  have 
6+  <1®-2  cm)  FIG-3  (6  ca&K.  oannedor  vanes  by 
app'  cat-on.  Alematvo  lengths  4  HwneeiQfs  available 


SMClWHtOWfTTtotlftC  ■  etti  fcow  rw  *  F*vw*.  p*  1WU  ’  ti*47J-1STi  -  Fm  «hMT^»1U  *  VMcto 
SKCmiHOWftROt  Cirtfli  -  HPHMMt  ■  fluM  5dWKh.£H-W  ■  Pm  tAMi&TWO  »  ^  i^>4i2S-7»» 
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SPECTRUM  CONTROL  NC 


Antenna  Design 
Considerations 


Figure  1  through  3  detail  changes  in  ground  plane 
sizes  and  the  ef'ect  of  the  radiation  pattern  and  the 
gam  as  shown  via  our  computer  modeling.  Design 
enhancements  that  can  be  considered  to  improve 
peformance  indude  the  use  of  a  thicker  ground  plane. 
Hgure  4  details  the  same  35mm  plane  as  in  figure  1, 
however,  it  is  thicker  at  6  mrr.  This  effectively  improves 
the  resultant  directive  gain.  The  front  to  back  ratios  have 
also  improved,  as  well  as  pattern  fullness  or  axial  ratio 
measurement. 

While  it  may  be  understood  that  a  larger  ground 
plane  will  improve  the  gain  o'  an  antenna  there  may 
be  a  degradation  of  the  axial  ratio  of  the  system  if  the 
element  is  not  tuned  for  the  ground  plane.  In  Figure  5. 
the  best  axial  ratio  for  the  element  jnder  :he  test  occurs 
with  the  55  mm  zero  thickness  ground  plane.  Proper 
evaluatior  and  tjning  can  improve  designs.  Spectrum 
Control  oilers  experier  ced  engineering  solutions  to 
optimize  your  system.  In  addtion  tc  specialized  design 
assistance,  we  also  provide  complete  opt  mized 
assemblies. 


Additional  Interaction  Notes: 

•  Center  frequency  shift:  A  13mm  GPS  element 
designed  for  a  70  mm  GP  wi  I  have  a  fo  =  1580MHz  by 
design.  The  same  element  on  a  35  mm  ground  plane 
will  have  a  f0  -1569  MHz  and  on  an  effectively  zero 
ground  plane  (13mm),  the  fo  =  1549MHz. 

•  Radiation  pattern  nulls:  When  a  patch  antenna  is 
mounted  off  center  on  a  groind  plane,  it  will  realize  nen- 
sphencal  radiation  patterns.  ‘Gain  tilt"  will  occur  as  the 
radation  pattern  will  adjust  toward  the  larger  surface, 
anc  conversely  be  reduced  on  the  smalle*  surface. 


Axial  Ratio  vs. 

QiuuinJ  3ut 


AAtvsgpto*  Figure  S 


thickness  In  mm 
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SPECTRUM  CONTROL  GmbH  •  Hansastrasse6  •  91 126  Schwebadv  Germany  •  Phone  (49^9122-795^)  •  Fax  *49>-9 122-795-58 
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faq’s 


antenna  handling  &.  processing 


What  •atr  tHe  min  &  trm  Itfnfwntum  for  the  mltivMf 

Operating:  -H5  C  to  +105.C 
SloragecNo  nin  Eo  +1S0  'C 

Can  Ihe  antpnna  unriei^D  irflaw  tdtknni? 

Ybs,  the  pin  is  attached  wtlh  SrtS2  on  She  Non-fioHS  versions  and  En9S  lor  FLoHS  versions. 

The  aa hGSfve  Is  atsj?  doagne<l  to  moel  expocircl  pcrftoi,  [Oq  not  ttfm  m*  soister  on  me  cop 

Surface  tot  mow  ui£m  a  auweon  Of  ont  fflirvuSo  -  lo  a^0«  tlW  tfssohnng  tho  potlofrt ,) 

What  uifiatrv  mrv  the  odhcuw  comfMliW?  or  rKcmp«tibit  w»lh? 

Anything  mat  is  wefl  adhered  lo  the  substratum  and  clean.  For  example,  rfl  you  ftaca  a  patch  antenna 
on  slandajid  oeppei  FR-t  lew  longer  than  a  lew  cLays,  you  wi:  iilcafy  puli  the  Sa^er  elect  rode  and  some 
MTimc  oil  iho  patch  cMwgi  t& Ttuvfli,  |The  Hired  on  sihiew  eiedrodo  i»s&es  ^tSO 

Wlut  sort  of  lutHif*  prepuifjilion  ft  rtKOAinwfid«d  brfoit  irnl«i1ifi|  the  .antenna? 

Goan,  crease  ana  ary  Tho  P'tfssuro  Hnsiirvo  adhesrflj  will  oonDft*  ffw  process  oi  Dondrng  to 

the  subSlratu  m  tar  days.  NO  OTHER  ADHESIVES  £we  needed. . . .  bwa y  wi  I  *owo r  the  denser  Irequancy 

-?]  ihe  patch  [ter  cxarnpte-  ow  more  l-aycr  tH  adhMivsr  wwld  red^f  the  Irequency  by  -  t  .SMhLh 

A'iJI  the  peHonrunct  be  affected  if  4  c»er  jratlenM)  it  placed  «boe  I  he  patch  and/or 
an  the  ground  plane? 


Vfes.  any  petering  d  ihe  interne  writ  change  its  peri^imnnca  eharacaeristo  Th«s  '*gukl  includes  Jt«y 

Hltfv  ffluk  a  ttriwmiJ  THo  eifM*£  <s*w  la  3  a  rase**  mu  m  part. 


What  •ire  the  «ec  ommentdedl  clearance*  far  j  udomr  ? 


Gwnwafly  the  rsteonw  sftculd  be  a  rommum  a  tonm  from  the  side*  « the  patch  find  5mm 
above  the  pra  Ich  etement  dn  the  ground  pla  ne 

Don  the  inmind  plane  effect  the  (wiformnotf  of  the  eitermAf 

Yes.  The  ground  plane  ts  a  ptwotal  part  d  ihe  anlsnna.  and  different  sizes  and  thidtness  change 
pertenrwtce.  Plqase  rete  r  Ip  the  gf  eund  plana  optimize  bon  section  this  catalog. 
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Quality  From  The  Specialists  in  Electro-Magnetic  Compatitailil 
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APPENDIX  F.  NPS  ANECHOIC  CHAMBER  SCHEMATIC 
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APPENDIX  G.  TETHERS  UNLIMITED  INC.,  MICROHARD 

CONFIGURATION  NOTES 


For  MAST,  we  had  what  I  referred  to  as  two  different  types  of  radio  parameter  sets:  stuff 
that  never  changed  and  was  hard-coded  in  the  software  and  stuff  that  was  configurable 
post-launch.  For  the  stuff  that  never  changed,  there  was  a  hard  coded  sequence  of 
commands  sent  in  the  following  order  (this  was  an  array  of  strings  in  program  memory): 

"El",  //  Command  Echos:  0=disable  command  echos,  l=enable  command  echos 

"QO",  //  Quite  Mode:  0=enable  results,  l=disable  results 

"VI",  //  Verbose  Responses:  O=responses  as  numbers,  1  responses  as  words 

"WO",  //  Connection  Result:  0=CONNECT  xxxx,  ^CARRIER  xxxx,  2=CONNECT 

xxxx 

"&C1",  //  DCD:  0=always  on,  l=on  when  synchronized,  2=output  data  framing,  3=sync 
pulse 

"&D2",  //  DTR:  0=ignored,  2=force  command  mode,  3=resets  modem 

"&K3",  //  Handshaking:  0=disabled,  2=RTS/CTS  input  framing,  3=enabled 

"&S1",  //  DSR:  0=always  on,  l=on  in  data  mode  only,  2=DSR/DTR  signaling 

"&E0",  //  Framing  Errors:  0=disable  checking,  l=enable  checking 

"S0=0",  //  Auto  Answer:  0=power  up  in  command  mode,  l=power  up  in  data  mode 

"S2=43",  //  Escape  Code:  43='+’  set  to  default  and  known  value 

"S3=13",  //  Carriage  Return:  set  to  default  and  known  value 

"S4=10",  //  Line  Feed:  set  to  default  and  known  value 

"S5=8",  //  Backspace:  set  to  default  and  known  value 

"S101=3",  //  Operating  Mode:  l=Master  P-M,  2=Master  P-P,  3=Slave,  4=Rpeater, 
5=Master  Diagnostics 

"SI 09=7",  //  Hopping  Interval:  unused  in  slaves  but  set  to  known  value,  7=80msec 
"SI  10=1",  //  Date  Format:  1=8N1,  2=8N2,  3=8E1,  4=801,  5=7N1,  6=7N2,  7=7E1, 
8=701,  9=7E2,  10=702,  11=9N1 

"SI  13=0",  //  Packet  Retransmissions:  unused  in  slaves,  but  set  to  known  value 

"SI  17=0",  //  Modbus  Mode:  0=disabled,  l=enabled 

"SI  19=1",  //  Quick  Enter  to  Command:  0=disabled,  l=enabled 

"S120=0",  //  RTS/DCD  Framing  Interval:  unused  without  input  framing,  but  set  to  known 
value 

"S121=0",  //  DCD  Timing:  unused  without  input  framing,  but  set  to  known  value 

"S122=l",  //  Remote  Control:  0=disabled,  l=enabled 

"S124=0",  //  TDMA  Duty  Cycle:  unused  in  slaves,  but  set  to  known  value 

"S125=0",  //  TDMA  Max  Address:  unused  in  slaves,  but  set  to  known  value 

"S126=0",  //  Data  Protocol:  0=Transparent  IN/OUT 

"S127=l",  //  Address  Filtering:  0=disabled,  l=enabled 

"S128=l",  //  Multicast  Association:  0=65535  only,  1=0  and  65535 

"S129=0",  //  Secondary  Master:  unused  in  slaves,  but  set  to  known  value 

"S206=0",  //  Secondary  Hopping  Pattern:  unused  in  slaves,  but  set  to  known  value 
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For  the  stuff  that  was  configurable  post-launch,  these  are  the  defaults  that  we  used: 

-  output  power  (we  intelligently  varied  this  between  250mW  and  1 W  based  on  current 
battery  charge  level  because  we  were  having  voltage  regulator  dropouts  at  the  higher 
output  powers  when  the  battery  was  more  discharged) 

-  minimum  packet  size:  6  bytes  (this  was  our  minimum  frame  size  for  our  messaging 
protocol) 

-  maximum  packet  size:  100  bytes  (I  think  I  remember  increasing  this  to  255  during 
operations  to  increase  overall  throughput) 

-  packet  size  control  (SI  14)  (I  don't  remember  what  this  means,  but  we  defaulted  to  NOT 
overriding) 

-  packet  buffer  timeout:  250ms 

-  packet  retry  limit:  4 

-  packet  repeat  interval:  1 

-  network  address:  arbitrary 

-  unit  address:  arbitrary 

-  encryption  key:  arbitrary 

-  slave  roaming:  enabled 


1.  Slave  Roaming 

a.  When  enabled,  a  slave  will  scan  other  hopping 
patterns  while  attempting  to  synchronize  with  a 
master.  In  essence,  it  will  tune  to  the  hopping 
pattern  of  any  communicating  a  master. 

b.  Results 

i.  When  enabled,  synchronization  is  possible 
regardless  of  the  slave's  hopping  pattern. 
The  synchronization  process  is  noticeably 
(albeit  not  by  much)  faster  when  the  hopping 
patterns  are  set  to  the  same  pattern, 

ii.  When  disabled,  synchronization  is  only 

possible  when  the  master' s  hopping  pattern 
matches  that  of  the  slave.  Synchronization 
appeared  a  little  slower  than  when  roaming 
was  enabled  and  the  hopping  patterns 
matched.  Also,  the  master  was  unable  to 
synchronize  with  the  slave  even  if  its 
hopping  pattern  was  within  the  same  group, 

iii.  The  manual  states  that  the  master  must  be 

using  a  hopping  pattern  from  the  same  group 
for  the  roaming  slave  to  tune  to  the  master. 
This  statement  seems  to  be  false  as  the 
slave  would  synchronize  with  the  master  even 
if  the  slave's  hopping  pattern  was  in  an 
entirely  different  group  than  the  master's. 

c.  Implications 
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i.  Allowing  the  slave  to  roam  in  a  noisy  and 
low  link  margin  environment  with  other 
transmitting  masters,  will  likely  increase 
the  time  in  which  it  takes  to  synchronize  to 
a  slave. 

ii.  If  roaming  is  disabled,  and  a  single  event 
upset  changes  the  hopping  pattern  of  the 
slave  and  goes  unnoticed  by  the  flight 
software,  then  communication  will  be 
impossible.  Each  pattern  would  need  to  be 
scanned  by  the  master  in  an  attempt  to  find 
the  slave. 

2  .  Hop  Interval 
a.  Results 

i.  Very  short  hop  intervals  made 

synchronization  impossible.  The  hopping 
interval  should  be  at  least  20msec  to  allow 
synchronization  to  succeed.  Synchronization 
was  possible  at  every  hopping  interval 
greater  than  and  equal  to  20msec. 

3.  Address  Filtering  and  Multicast  Association 

a.  With  both  of  these  enabled,  a  slave  can  receive 
data  if  its  unit  address  does  not  match  that  of 
the  master  and  if  the  unit  address  of  the  master 
is  0  or  65535.  For  the  slave  to  transmit,  its 
unit  address  must  match  that  of  the  master. 

b.  Implications 

i.  Both  of  these  should  be  enabled  as  it  will 
allow  the  slave  to  receive  packets  (and 
thereby  the  flight  software  can  receive 
commands)  even  if  a  single  event  upset 
alters  the  slave's  unit  address. 

4  .  Point-to-Multipoint  vs .  Point-to-Point 

a.  Synchronization  appears  to  be  much  quicker  when 
the  master  is  configured  as  a  point-to-multipoint 
than  when  it  is  configured  as  a  point-to-point. 
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APPENDIX  H.  DD1494  AND  FCC  FORM  422  APPLICATIONS 
FOR  GENESAT,  KENTUCKY  SPACE  CONSORTIUM,  AND  NPS- 

SCAT 


FCC  FORM  442  -  FEDERAL  COMMUNICATIONS  COMMISSION 
APPLICATION  FOR  NEW  OR  MODIFIED  RADIO  STATION  UNDER  PART 
5  OF  FCC  RULES  -  EXPERIMENTAL  RADIO  SERVICE  [OTHER  THAN 

BROADCAST) 


Approved  by 
OMB 

ocmo  -  poos 
Expires 
09/30/93 


Applicant's  Name  [company):  Morehead  State  University  File  No.:  035^-EX-PL-  20C& 
Mailing  Addi  ess 

Attention:  Or,  Benjamin  K.  Maiphrus  (Space  Science  tenten 

Street  Address:  200  A.  0.  C hardier  Place 

PO,  Box; 

CHy;  M&rehead 

Sidle.  KY 

Country; 

2 ip  Code:  40353 

E-Mail  Address;  &,mai-3hrus(p-morehead state  edu 


Applied liyn  Purpgu; 

Application  is  for:  NEW  LICENSE 

For  Modification  indicate  below 
File  No. i  Callsign: 

Government  Contract 

Is  this  authorization  "O  be  used  for  fulfilling  the  requirement  Of  a  government 
contract  with  an  agency  of  the  United  States  Government?  If  "YES",  include  os 
an  exhibit  a  narrative  statement  describing  the  government  project,,  agency  and 
contract  number  Yes 

Foreign  Government  Use 

Is  this  authorization  :o  be  used  for  the  exclusive  purpose  of  developing  radio 
equipment  for  export  to  be  employed  by  stations  under  the  jurisdiction  of  a 
foreign  government?  If  "YES",  include  the  contract  number  and  the  name  of  the 

for  eign  guv^i  ihii-lmiI  -LuiiLtM  ntrJ  db  dii  caIiIIjeI.  Nut 


Research  Project 

Is  this  authorization  :o  be  used  for  providing  communications  essential  to  a 
research  project?  (The  radio  communication  is  nol  the  objective  of  the  research 
project)?  I'  "YES",  include  as  am  exhibit  the  following  information: 

ar  a  description  of  I  he  nature  of  the  research  project  being  conducted, 
b.  A  showing  that  the  communications  facilities  requested  are  necessary  for  the 
research  project  involved. 

A  showing  that  existing  communications  facilities  are  iradequete. 


Yes 
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Ex  H  I  bit  I  n  t  o  rmation 

If  all  the  an&Mtirs  la  Items  4r  I,  6  are  include  is  a  a  exhibit  a  narratke 

statement  describing  la  detail  the  following  items: 

a.  The  complete  program  of  research  and  experimentation  proposed  including 
description  of  equipment  and  theory  of  operation, 
b-  Thfl  specific  objective  %  sought  to  be  accomplished. 

c.  How  the  program  of  experimentation  has  a  reasonable  promise  of 

cortribution  to  the  development  extension,  expansion  or  utilisation  of  the 
radio  art,  or  is  along  line  not  already  investigated. 

Estimated  Duration 

■Give  an  estimate  of  the  length  of  time  that  will  be  required  lo  complete  the 

program  Of  experimentation  proposed  in  thl£  appliCatiOHr  24  M.Onth.5 

Environmental  Impact 

Would  n  commission  grant  of  this  application  came  within  Section  1.1307  gf  the 
fCC  Rules-,  such  that  it  may  h .t-1  ■:■  a  significant  environmental  impact?  If  "VtS 

include  *t  m  exhibit  an  Environmental  A££c&$m«nt  a*  required  J>v  Section 
1.1311.  Ho 

Manufacturer 

List  bulu¥V  Li  mPiMiiLthiH  trq u ppmuri L  tu  Lra  metalled 
{if  ex  peri  mental,-  so  state]  if  additional  rows  are 
required  please  submit  equipment  list  as  an 
exhibit 

Manufacturer  USL  e  1 'nenla  E 

Mlgrohaitf  MUX  24 M  I  No 

Station  id 

Is  the  equipment  listed  in  Item  1C  capable  of  station  identification  pursuant  to 
Section  S-1157  NO 

Applicant  Type 
Applicant  bs:  Other 

Foreign  Government 

Is  applicant  a  foreign  government  ora  representative  of  a  foreign  government? 

f*0 

License  Dented  or  Revoked 

Has  applicant  or  any  party  to  1h Is  application  had  any  FCC  station  license  or 
permit  revoked  or  any  application  for  permit,  license  or  renewal  denied  by  this 
Commission? 

If  TES",  Include  as  an  exhibit  a  statement  giving  call  sign  of  license  or  permit 
revoked  and  relate  CirCum^taroMr  NS 
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£3  iv  n  rr  and  Opr  rat  nr 

Wl  II  a  pplici  ill  be  owner  and  ope  rater  of  the  sta  t  Ion? 

Contact  Information 

Give  t^C  fffl  lowing  infmmiitjnn.  of  person  who  Cfln  tost  handle  inqui  rig-, 
pertaining  La  this  application:  First  Name-  Miehadl 
Last  Nime;  M  ll*r 

title:  Communications  COOTdkVitCr 
Phonr  Number:  4X5  .385- J6« 

E'Mill  Addmi;  iiiimi|tirT^iiitrll|*s.uS 


Dxug  Abuse  Question 

APPLICANT  ANTI-DRUG  ABUSE  CERTIFICATION:  By  checking  "YES11,  the 
Individual  applicant  certifies  that  he  or  she  is  eligible  for  this  license.  This 
requires  chat  he  or  she  is  net  subject  to  a  denial  of  federal  benefits,  including  FCC 
benefits,  as  a  result  ol  a  drug  oflense  conviction  pursuant  to  Section  5301  of  the 
Anti- Drug  Abuse  Act  Of  19B&,  21  U.S.C.  SSI.  A  nun-in  divide  I  applicant,  e.g_, 
corporation,  pjrtncr thip  Or  Other  unin COrpOratcd  a SSOCiation,  Certifies  that  rtd 
party  Co  the  application  is  subject  to  a  denial  of  federal  benefits,  pu  rsuaot  to  Chat 
Section.  For  deEinitiOvt  Of  i  "party"  fdr  these  purposes,  see*  47CFR  1.20 02(b)- 


Certification 

THE  APPLICANT  CERTIFIES  THAT! 
a,  copies  df  the  FCC  Ruld  Pa  rLs  2  add  E  ar#  dA  hand;  add 

b_  Adequate  financial  Appropriations  have  been-  made  to  carry  on  the  program 
or  experimentation.  which  will  be  conducted  by  qualified  personnel;  and 
c.  All  operations  w  ill  be  on  an  experimental:  basis  in  accordance  with  Part  5  and 
other  applicable  rules,  and  win  be  conducted  in  such  a  manner  and  at  such  a 
lime  as  to  preclude  harmful  interference  to  Any  authu Fixed  station;  and 
d*  Grant  of  the  authorisation  requested  herein  will  not  be  construed  as  a 
finding  on  the  part  of  the  Commission: 

1,  that  the  frequencies  and  other  technical  parameters  specilied  in  the 
au3.h  □  riaa  E  ion  arc  the  br-s.C  suited  fur  the  pro  pos-rd  program  Of 

r m p-crimml nti on,  and 

2,  that  the  applicant  will  hr  authmrizrd  In  uprraCc-  On  hoy  blfif  Other  thin 
fKprrimrnlnl,  and 

3,  lhji|  thq  Comif  sior>  if  obligated  fay  «SSMlt?  of  the  n up rrim r nt j I 
program  to  make  prgiriiipn  in  it*  nilfi  including,  it*  tabtg  of  frequency 
allDcatipn^  fpr  applicant'*  type  qf  operation  gn  |  regularly  ligen%rd 

buk 

THE  APPLICANT  FURTHER  CERTIFIES  THAT: 

e.  Ad  the  statements  In  the  application  and  attached  exhibits  are  trueJ 

complete  and  correct  to  the  best  or  the  applicant's  knowledge:  and 

f.  The  applicant  is  willing  to  finance  and  conduct  the  experimental  program 
with  fu  II  knowledge  and  understanding  of  the  above  limitations:  and 

g.  The  applicant  waives  any  claim  to  Lhe  use  of  any  particular  frequency  or  or 
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tN  ipKIrum  it  (M  (f^ulAtMv  pdwn  Of  th*  USA. 


Nam*  of  Applicant:  Horenrad  Sutf  l>^.-rrvcy 

bgAilun  (Autfwiiid  pftiM  filing  form):  K  M*\phrvs 

StgAKur*  Dot*  {Mhon**4  person  filmg  Form):  04/ 11/2000 
Tit  I*  of  Person  Signing  Application:  Ovettor.  Space  Sconce  Center 
Clitufitition:  Authorised  employ** 

WILLFUL  FALSI  STAIIMC  NTS  MAOf  ON  THIS  FORM  ARC  PUNISHABLE  BY  FINE 
AND/OR  IMPRISON  Ml  NT  (U.S.  CODE,  TITLE  10.  SECTION  1001),  ANO/OR 
REVOCATION  OF  ANY  STATION  LICENSE  OR  CONSTRUCTION  PERMIT  {U.S.  CODE. 
TITLE  *7,  SECTION  112(A)(1)),  AND/OR  FORFEITURE  (U.S.  CODE,  TITLE  47, 

SECTION  SOS). 

NOTIFICATION  TO  INOIVIOUALS  UNOCft  PRIVACY  ACT  OF  1474  AND  THE 
PAPI  RWORK  RI  DUCT  ION  ACT  OF  1900 

Information  through  (hit  form  it  lirth«riiN  by  the  C«mmun«l1i4nt 

Art  of  1*14,  *t  amended,  rod  tprcifinf  by  Section  3O0  therein.  Th*  inf  of  motion 
will  be  used  by  F«d*f  *1  Common**  lion*  Cwnmittwn  staff  to  d*t*r m*n*  Hi^bdity 
for  i  ttu>ng  authoriiation*  in  th*  use  of  th*  Frequency  spectrum  and  to  *ff*ct  th* 
prontww  of  ifgutiuxy  r*tponhbiiti4i  rendered  by  th*  Comm  it*  ion  by  th*  Art- 
Information  r*4u*tt#d  by  (Hit  form  will  04  AvAiUbN  14  th*  PubhC  0*1 1**4 
Otherwise  requested  puriurrit  to  47  Cl  R  0.454  Of  th*  FCC  Ruin  Arid  Regulations. 

Your  ffipoM#  it  r#guir*d  to  obtain  thit  authoriiation. 

Public  reporting  burden  for  this  collection  of  Infocmetfon  it  *itim*(*d  to  *y*r*g* 
four  (4)  hour*  p*r  r**pont*.  including  th*  tint*  for  reviewing  intf ruction*, 
searching  •  anting  d*t*  sources,  gj  thering  end  maintaining  th*  del*  n**d*d,  end 
completing  and  reviewing  th*  collection  of  information.  Send  comments 
regarding  thi*  burden  estimate  or  any  other  aspect  of  this  collection  of 
information,  including  suggestions  for  reducing  the  burden  to  th*  Federal 
Communications  Commission,  Records  Management  branch.  Paper  work 
Reduction  Project  < 1050  C06S>,  Washington  DC  20**4.  DO  NOT  send  completed 
applications  to  this  address.  Individuals  are  not  required  to  respond  to  this 
collect *n  unless  R  display*  a  currently  v*l*d  QMQ  control  number, 

THE  FOREGOING  NOTICE  IS  REQUIRED  0Y  THE  PRIVACY  ACT  OF  1974,  P.L.  93- 
*11,  DECtMSIR  11,  1974,  S  J  VC  5V2a(e)(l>,  AND  THE  PAPERWORK 
REDUCTION  ACT  OP  1900.  P.L.  94  511,  Of  CEM0ER  LI,  1900,  44  U.S.C-  3507. 

Station  Location 

Street  (or 

CMy  *W  L.w,« 

location) 

0  Morehead  Kentuehy  Setefoe  Dmr*  ROWAN  400  00 


Datum  NAD  S3 

Is  a  directum*!  antenna  (other  then  reder)  used!  m 

Eii*> b.t  submitted:  fn 

(a)  Width  of  beam  in  degree*  at  th*  half  <pow*r  point:  0  50 

(b)  Orientation  In  horiiontai  plane: 
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ic)  QrtontJtfr DO  ffl  vertical  pi 10  00 

Will  the  4ntinnA  «xt«Ad  m^r#  thArt  6  meter*  Above  Che  grOurtd,  Or  rf  rrtOurtted  on 
mn  «Ki*ting  building,  will  it  extend  more  than.  6  meter*  above  the  building,  or  will 
the  proposed  antenna  be  mounted  on  an  existing  structure  other  than  a  building? 

no 

(a)  Overall  height  above  ground  to  tip  of  antenna  In  meter*:  2$  GO 

(b)  Elevation  of  ground  at  antenna  life  above  mean  tea  level  in  meter*:  14b  QO 
(C)  pittance  tb  nfiifit  plr<rpf|  landing  area  In  ki^mete'*;  J6  00 

(d)  List  any  natural  for mat  ion*  of  nlfting  man-made  structure*  (hill*,  tree*, 
water  tanks,  tower*,  etc.)  which.  In  the  opinion  of  the  applicant,  would  tend  Co 
shield  the  antenna  from  aircraft:  Antenna  has  Aircraft  obstruction  hght  -nstasted  h».ii 
NW  range  200  meters,  elevation  361  meters,  Hill  £$E  range  Ill  meters,  elevation,  149 
meters  Structure  -  Communication  Tower  (Adciph.a  Site)  H  al  209  meters,  elevation  391 
meters.  Structure  -  KySet  Tower  S€  at  12 1  meters,  elevation  361  meters 


Action  Frequency 


Station  Output  Heirt  emission  Modulating 

Class  Pmr/WNah  (  J/.j  Designator  Signal 


2401.20000000- 
Hew  24M  2O0O0OO0  FX 


HHt 


1.000000  W  OOMOOOOO 

16$ -000000  P  y-wwww  lVmHD  $6000  baud 

kW 


QUESTION  6: 


PURPOSE  OF  EXPERIMENT 


6 .  * 
Is  this  authorization  to  be  used  for  providing  communications  essential  to  a  research  project?  (The 
radio  communication  is  not  the  objective  of  the  research  project)?  If  "YES",  include  as  an 
exhibit  the  following  information: 

a.  A  description  of  the  nature  of  the  research  project  being  conducted, 

b.  A  showing  that  the  communications  facilities  requested  are  necessary  for  the  research  project, 

c.  A  showing  that  existing  communications  facilities  are  inadequate. 

NOTE:  When  submitting  this  exhibit,  please  enter  "QUESTION 
6:  PURPOSE  OF  EXPERIMENT"  in  the  description  field  and 

select  the  type  of  document  as  "Text  Documents".) 


ANTENNA  DRAWING: 

Submit  as  an  exhibit  a  vertical  profile  sketch  of  total 
structure  including  supporting  building,  if  any,  giving 
heights  in  meters  above  ground  for  all  significant 
features.  Clearly  indicate  existing  portion,  noting 
particulars  of  aviation  obstruction  lightly  already 
available.  Submit  this  sketch  under  the  "Antenna  Drawing" 
exhibit  type. 

NECESSARY  BANDWIDTH  DESCRIPTION 

Please  indicate  the  necessary  bandwidth  measurement  and 
indicate  the  units  by  selecting  one  of  the  values  in  the 

167 


drop-down  list.  Submit  an  exhibit  describing  how  the 
necessary  bandwidth  was  calculated  for  all  the  indicated 
frequencies.  Exhibits  may  be  entered  immediately  after 
submitting  this  form  or  later  by  selecting  the  "Add 
Attachments"  option  from  this  web  site's  menu.  NOTE:  When 
submitting  this  exhibit,  please  enter  "NECESSARY  BANDWIDTH 
DESCRIPTION",  in  the  exhibit  description. 

MODULATING  SIGNAL  DESCRIPTION 

(entered  "BPSK") 

Insert  as  appropriate  for  the  type  of  modulation  (e.g.  The 
maximum  speed  for  keying  in  bauds,  maximum  audio  modulating 
frequency,  frequency  deviation  of  carrier,  pulse  duration 
and  repetition  rate) .  For  complex  emissions,  submit  an 
exhibit  describing  in  detail  the  modulating  signal  and 
indicate  the  frequency  range  that  it  is  associated  with. 
Exhibits  may  be  entered  immediately  after  submitting  this 
form  or  later  by  selecting  the  "Add  Attachments"  option 
from  this  web  site's  menu.  NOTE:  When  submitting  this 
exhibit,  please  enter  "MODULATING  SIGNAL  DESCRIPTION",  in 
the  exhibit  description. 


Morehead  State  University 
21  M  Space  Tracking  Antenna 

ANTENNA  DRAWING: 

Vertical  profile  sketch  of  total  structure  of  the  Morehead 
State  University  21  M  Space  Tracking  Antenna  including 
supporting  building,  with  heights  in  meters  above  ground 
for  all  significant  features. 
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Aircraft  Warning  Light 


L  igMniivji  Red 


Pwte-stal  Platform 


RiiL.ilin  .J  Fljllbt  irti'L  jJdt’r 


Lower  &qulp|rrwfllft(w<n  CLEflO 


ReFI*<ttir  Pan*ii- 
Heflwia#  Supper  Srrueiurt 


rk'jjl  itiri  Ajcii  Pljllurm 


E  k^vatiun  5-Kifr  G *  m 


Elevation  Slow 


Torque  few 
AzimuchBaaring 
AJiifuflh  Drhiff 

Emergency  St-op  Swilc  h 


fMd  S-uppar!  S-Cruc  tuft 


Dimensions 

Reflector:  21  m  (68.9  ft) 

Maximum  vertical  height  above  ground  (apex  of  feed  at  90  degrees 
elevation):  25.6  m  (84  ft) 

Height  to  elevation  axle:  14.17  m  (46.5  ft.) 

Height  to  center  of  feed  ring  at  0  degrees  pointing  elevation:  14.17  m 
(46.5  ft.) 

Height  of  LER  3.08  m  (10  .1  ft) 
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Photograph  of  the  Morehead  State  University  Space  Science  Center  21 
Meter  Space  Tracking  Antenna  September ,  2007 
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Dr  Beinjpmin  K  Mdptlhrt  CttrtlW).  ?M>rt  R  fihandifr  Rik*.  M&nh*ld.  KY  4M&1 

United  States  of  America 
FEDERAL  C(JMMLJNICATrON5  COMMISSION 
EXPERIMENTAL 

RADIO  STATION  CONSTRUCTION  PERMIT 
AND  LICENSE 


EXPERIMENTAL  WEmJG 

(Halurc  of  Scrvi  qb)  (Gal  Sign) 


XC  FX 
(Class  of  Station) 


Q3S4-EX-PL-20QB 
(File  IMumber) 


NAME _ _  Mcrehead  State  University _ 

Subject  to  die  provisions  of  (be  Communications  Act  of  1 934.  subsequent  a-cls,  and  treaties  and  all 
regulations  heretofore  or  hereafter  made  by  (his  Commissions  and  funner  subject  to  (lie  conditions 
and  requirements  set  forth  in  this  license,  the  licensee  hereof  is  hereby  authorized  to  use  and  operate 
the  radio  trarsmlHing  facilities  hereinafter  described  for  radio  communications  in  accords  nee  with  the 
program  of  experimentation  descnbed  by  the  licensee  in  ils  application  for  license. 

Operation.  In  accordance  wilh  Sec.  5.3(b)  of  the  Commission’s  Rules 


Station  Localions 

(1)  Mo  rehead  (ROWAN).  KY  -  NL  36- 11 -30;  WL  03-26-20 
Frequency  Information 


Mur&rw«l  CHOWANy  KY  -  NL  39-H-M.  WL  S3-2B-M 

Station 

Emission 

Authorized 

Frequency 

Frequency 

Class 

Designator 

Power 

Tote  ranee  (+/-) 

2417.2-3431,2  MHi 

FX 

35QKF1D 

iee»(w(ERp) 

Special  Condition  &: 

(1)  License*  should  be  ei wares  that  other  stations  may  be  licensed  on.  these  frequencies 
and  if  any  interference  occurs,  (he  licensee  of  this  authorization  will  be  subject  to 
immediate  shul  down 

(2)  In  lieu  of  frequency  tolerance,  the  occupied  bandwidth  of  tha  emission  shalE  not 
extend  beyond  the  band  limils  set  forth  above. 

(3)  The  station  Ktenfrficatton  requlr  smenls  of  Section  S  1 15  of  the  Commission's  Rules 
are  waived 


This  eulJi or iz alien  effsdive  October  27.  2008  -and 
will  empire  3: DO  A  M  FST  November  01 ,  2010 

h*U«  1  nf  2 


FEDERAL 

COMMUNICATIONS 

COMMISSION 
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File  Number:  0354-EX-PL-2008  Call  Sign:  WE2XUG 


Licensee  Name:  Morehead  State  University 

Special  Conditions: 

(4)  This  authorization  is  issued  for  the  express  purpose  of  conducting  experimental 
operations  described  in  the  related  application  and  required  by  The  National 
Aeronautics  and  Space  Administration;  contract  number  NNG05GH07H.  The  use  of 
this  radio  station  in  any  other  manner  or  for  any  other  purpose  will  constitute  a 
violation  of  the  privileges  herein  authorized.  Except  as  subsequently  authorized  by 
the  Commission,  this  radio  station  shall  not  be  operated  after  the  expiration  date  of 
the  contract  designated  in  the  related  application  and  enumerated  above. 
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CLASSIFICATION 

PAGE  11 

UNCLASSIFIED 

ANTENNA  DATA  OVERFLOW  PAGE 

2.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  PA28-2450-120SA 


:i: 
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UNCLASSIFIED 


SECURITY  SUMMARY  &  SPECIAL  HANDLING  REQUIREMENTS 

The  title  of  this  application  is  :  NAVAL  POSTGRADUATE  SCHOOL  CUBESAT  COMMUNICATIONS  SUBYSTEM 
The  overall  classification  of  this  application  is  :  UNCLASSIFIED 


Refer  to  your  Security  Manual  for  further  guidance. 


The  Application  Level  Special  Handling  is  :  A 

Approved  for  public  release;  distribution  is  unlimited  (DoD  Directive  5230.24) 


DOWNGRADING  INSTRUCTIONS 
Special  Handling  Instruction  :A 


CLASSIFICATION 


UNCLASSIFIED 


EL-CID  ver.  5.1  rev  81 


05/31/2009 
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APPLICATION  FOR  EQUIPMENT 

CLASSIFICATION 

DATE 

FREQUENCY  ALLOCATION 

UNCLASSIFIED 

4/7/2009 

PAGE  1 

DOD  GENERAL  INFORMATION 


TO  (U)  Department  of  The  Navy;  Navy- Marine 
Corps  Spectrum  Center;  2461 
EisenhowerAve.,  Suite  1202; 
Alexandria,  VA  22331-1400 


FROM  (U)  Naval  Postgraduate  School;  777  Dyer 
Road,  Rm-121;  Monterey,  CA;  93940 


1.  APPLICATION  TITLE 


(U)  Naval  Postgraduate  School  CubeSat  Communications  Subystem 


2.  SYSTEM  NOMENCLATURE 


(U)  Naval  Postgraduate  School  CubeSat  Ground  Station 


3.  STAGE  OF  ALLOCATION 


(U) 


a.  STAGE  1 
CONCEPTUAL 


b.  STAGE  2 
EXPERIMENTAL 


c.  STAGE  3 
DEVELOPMENTAL 


d.  STAGE  4 
OPERATIONAL 


4.  FREQUENCY  REQUIREMENTS 

a.  FREQUENCY (IES) 

b.  EMISSION  DESIGNATORS 


5.  TARGET  STARTING  DATE  FOR  SUBSEQUENT  STAGES 


a.  STAGE  2 


(U)  4/1/2010 


b.  STAGE  3 


c.  STAGE  4 


EXTENT  OF  USE  (U)  12  Minutes  per  day;  when  satellite  is  in  Field  Of  View  of  Ground  Station 


7.  GEOGRAPHICAL  AREA  FOR 


a.  STAGE  2 

b.  STAGE  3 


c.  STAGE  4 


8.  NUMBER  OF  UNITS 


a.  STAGE  2 


(U)  2 


b.  STAGE  3 


c.  STAGE  4 


9.  NUMBER  OF  UNITS  OPERATING  SIMULTANEOUSLY  IN  THE  SAME  ENVIRONMENT 


(U)  2 


10.  OTHER  J/F  APPLICATION  ID(S)  TO  BE 


— 

a.  SUPERSEDED 

THE  INSTRUCTIONS  FOR  PARAGRAPH  11? 

b.  RELATED 

a.  YES 

b.  NO 

11.  IS  THERE  ANY  OPERATIONAL  REQUIREMENT  AS  DESCRIBED  IN 


c.  N AVAIL 


12.  NAMES  AND  TELEPHONE  NUMBERS 

(U)  David  Rigmaiden  831-656-7539 


(U)  Matthew  Schroer  831  -656-7522 


13.  REMARKS  (U) 

(U)  This  link  will  only  be  established  over  the  United  States. 

(U)  The  proposed  satellite  has  been  assigned  an  STP  number  of  NPS0801 . 


DOWNGRADING  INSTRUCTIONS 
Special  Handling  Instruction  :A 

DD  Form  1494,  MAY  91 


CLASSIFICATION 

UNCLASSIFIED 


S/N  0102-LF-001-4941 
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APPLICATION  FOR  FOREIGN 

CLASSIFICATION 

SPECTRUM  SUPPORT 

UNCLASSIFIED 

PAGE  2 

FOREIGN  COORDINATION  GENERAL  INFORMATION 


1.  APPLICATION  TITLE  (U)  Naval  Postgraduate  School  CubeSat  Communications  Subystem 

2.  SYSTEM  NOMENCLATURE  (U)  Naval  Postgraduate  School  CubeSat  Ground  Station 


3.  STAGE  OF  ALLOCATION  (U)  Q  a  STAGE  1  [X]  b.  STAGE  2  □  c.  STAGE  3  □  d.  STAGE  4 

CONCEPTUAL  EXPERIMENTAL  DEVELOPMENTAL  OPERATIONAL 


4.  FREQUENCY  REQUIREMENTS 

a.  FREQUENCY(IES) 

b.  EMISSION  DESIGNATORS 

5.  PROPOSED  OPERATING  LOCATIONS  OUTSIDE  US&P 


6.  PURPOSE  OF  SYSTEM,  OPERATIONAL  AND  SYSTEM  CONCEPTS 

(U)The  NPS  CubeSat  Ground  Station  will  allow  the  school  to  conduct  communications  with  anyMicrohard 
2.4  Ghz  Frequency  Hopping  Spread  Spectrum  Radio  on  orbit.  The  ground  station  will  operate  in 
the  experimental  radio  service  per  Title  47,  Part  5.3.c  of  the  Code  of  Federal  Regulations. 

7.  INFORMATION  TRANSFER  REQUIREMENTS 

(U)  The  system  requires  a  2  Kbps  transfer  rate  for  all  primary  TT&C.  It  has  272  Channels  operating 
from  2.401 6-2.477.6  GHz.  Channels/frequencies  can  be  locked  out. 


8.  NUMBER  OF  UNITS  OPERATING  SIMULTANEOUSLY  IN  THE  SAME  ENVIRONMENT  (U)  2 


9.  REPLACEMENT  INFORMATION 

(U)  Not  Applicable 


10.  LINE  DIAGRAM  None 


11.  SPACE  SYSTEMS 


12.  PROJECTED  OPERATIONAL  DEPLOYMENT  DATE  (U)  3/1/2010 

13.  REMARKS  (U) 

(U)  This  link  will  only  be  established  over  the  United  States. 


(U)  The  proposed  satellite  has  been  assigned  an  STP  number  of  NPS0801 . 


DOWNGRADING  INSTRUCTIONS 


Special  Handling  Instruction  :A 


CLASSIFICATION 

UNCLASSIFIED 


DD  Form  1494,  MAY  91 


S/N  0102-LF-001-4941 
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CLASSIFICATION 


UNCLASSIFIED 


PAGE  3 


TRANSMITTER  EQUIPMENT  CHARACTERISTICS 


1.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX-2420  2.4  Ghz  OEM  Industrial  Mod  (see  Data  overflow  Page) 

2.  MANUFACTURER'S  NAME 

(U)  MICROHARD SYSTEM,  INC. 

3.  TRANSMITTER  INSTALLATION 

4.  TRANSMITTER  TYPE 

(U)  Spread  Spectrum  Communications 

5.  TUNING  RANGE 

(U)  2401.6  MHz- 2477.6  MHz 

6.  METHOD  OF  TUNING 

(U)  PLL  Synthesizer 

8.  EMISSION  DESIGNATORS 

(U)  80M0F7D 

7.  RF  CHANNELING  CAPABILITY 

(U)  280.00  kHz  Increments 

12.  EMISSION  BANDWIDTH 

CALCULATED  )x(  MEASURED 

9.  FREQUENCY  TOLERANCE 

(U)  3  ppm 

10.  FILTER  EMPLOYED 

a.  -3  dB  (U)  176  kHz 

b.  -20  dB  (U)  269  kHz 

11.  SPREAD  SPECTRUM  (See  Data  Overflow  Page) 

[XI  a.  YES  O  b.  NO 

c.  -40  dB  (U)  450  kHz 

d.  -60  dB  (u)  8830  kHz 

13.  MAXIMUM  BIT  RATE  SeeRemarks 

(U)  19200  bps 

e.  OC-BW  (U)  280.00  kHz 

15.  MAXIMUM  MODULATION  FREQUENCY 

(U)  115.20  kHz 

14.  MODULATION  TECHNIQUES  AND  CODING 

Digital 

17.  DEVIATION  RATIO 

(U)  1.00 

16.  PRE-EMPHASIS 

a.  YES  O  b.  NO 

18.  PULSE  CHARACTERISTICS 

19.  POWER 

a.  RATE 

a.  MEAN  (U)0.100W-(U)  1.00  W 

b.  WIDTH 

b.  PEP 

c.  RISE  TIME 

d.  FALL  TIME 

c.  CARRIER 

e.  COMP  RATIO 

20.  OUTPUT  DEVICE 

(U)  Other 

21.  HARMONIC  LEVEL 

22.  SPURIOUS  LEVEL 

(U)  -60.0  dB 

a.  2nd  fU)  -35.0  dB 

b. 

23.  FCC  TYPE  ACCEPTANCE  NO. 

(U)  NS907P22 

OTHER 

24.  REMARKS  (U) 

(U)  The  transmitter  of  the  CubeSatwill  only  be  active  when  commanded  by  the  ground  station  at 
Monterey,  CA.  Other  times,  the  trasceiverwill  be  listening.  The  satellite  is  expected 
to  pass  over  the  ground  station  3  times  a  day  with  an  average  pass  lasting  3  minutes.  Those 
time  periods  are  the  only  times  that  the  satellite  will  be  transmitting 


CLASSIFICATION  UNC|_ASS|F|ED 
DD  FORM  1494,  MAY  91 


S/N  0102-LF-001-4941 

EL-CIDver.  5.1  rev  81  05/31/2009 
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CLASSIFICATION 

PAGE  4 

UNCLASSIFIED 

TRANSMITTER  DATA  OVERFLOW  PAGE 

1.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX-2420 


11.  SPREAD  SPECTRUM 

Modulation  (U)80M0F7D  is  Spread  Spectrum 


:i: 
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CLASSIFICATION 


UNCLASSIFIED 


PAGE  5 


TRANSMITTER  EQUIPMENT  CHARACTERISTICS 


1.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX-2400  2.4  Ghz  OEM  Indsutrial  Mod  (See  Data  Overflow  Page) 

2.  MANUFACTURER'S  NAME 

(U)  MICROHARD SYSTEM,  INC. 

3.  TRANSMITTER  INSTALLATION 

4.  TRANSMITTER  TYPE 

(U)  Spread  Specrtmm  Communications 

5.  TUNING  RANGE 

(U)  2401.6  MHz- 2477.6  MHz 

6.  METHOD  OF  TUNING 

(U)  PLL  Synthesizer 

8.  EMISSION  DESIGNATORS 

(U)  80M0F7D 

7.  RF  CHANNELING  CAPABILITY 

(U)  280.00  kHz  Increments 

12.  EMISSION  BANDWIDTH 

CALCULATED  )x(  MEASURED 

9.  FREQUENCY  TOLERANCE 

(U)  3  ppm 

10.  FILTER  EMPLOYED 

a.  -3  dB  (U)  176  kHz 

11.  SPREAD  SPECTRUM  (See  Data  Overflow  Page) 

[XI  a.  YES  O  b.  NO 

b.  -20  dB  (U)  269  kHz 

c.  -40  dB  (U)  450  kHz 

d.  -60  dB  (u)  8830  kHz 

13.  MAXIMUM  BIT  RATE  SeeRemarks 

(U)  19200  bps 

e.  OC-BW  (U)  280.00  kHz 

15.  MAXIMUM  MODULATION  FREQUENCY 

(U)  115.20  kHz 

14.  MODULATION  TECHNIQUES  AND  CODING 

Digital 

17.  DEVIATION  RATIO 

(U)  1.00 

16.  PRE-EMPHASIS 

a.  YES  O  b.  NO 

18.  PULSE  CHARACTERISTICS 

19.  POWER 

a.  RATE 

a.  MEAN  (U)0.100W-(U)  10.0  W 

b.  WIDTH 

b.  PEP 

c.  RISE  TIME 

c.  CARRIER 

d.  FALL  TIME 

e.  COMP  RATIO 

20.  OUTPUT  DEVICE 

(U)  Other 

21.  HARMONIC  LEVEL 

22.  SPURIOUS  LEVEL 

(U)  -60.0  dB 

a.  2nd  fU)  -35.0  dB 

b. 

23.  FCC  TYPE  ACCEPTANCE  NO. 

(U)  NA907P22 

OTHER 

24.  REMARKS  (U) 

(U)  The  ground  station  radio  is  the  same  as  the  on  orbit  radio.  The  ground  station  will  add  a 

High  Power  Amplifier  at  10  Watts  to  increase  the  power  out  and  allow  the  ground  station  to 

close  the  link  with  the  satellite  in  order  to  command  the  satellite  and  downlink  telemetry 
files. 


CLASSIFICATION  UNC|_ASS|F|ED 
DD  FORM  1494,  MAY  91 
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CLASSIFICATION 

PAGE  6 

UNCLASSIFIED 

TRANSMITTER  DATA  OVERFLOW  PAGE 

1.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX-2400 


11.  SPREAD  SPECTRUM 

Modulation  (U)80M0F7D  is  Spread  Spectrum 


:i: 
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CLASSIFICATION 


UNCLASSIFIED 


PAGE  7 


RECEIVER  EQUIPMENT  CHARACTERISTICS 


1.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX2420  2.4  Ghz  OEM  Industrial  Mod  (See  Data  0verflow  Pa9e> 

2.  MANUFACTURER'S  NAME 

(U)  MICROHARD SYSTEM,  INC. 

3.  RECEIVER  INSTALLATION 

4.  RECEIVER  TYPE 

(U)  FM 

5.  TUNING  RANGE 

(U)  2401.6  MHz- 2477.6  MHz 

6.  METHOD  OF  TUNING 

(U)  PLL  Synthesizer 

8.  EMISSION  DESIGNATORS 

(U)  80M0F0X 

7.  RF  CHANNELING  CAPABILITY 

(U)  280.00  kHz  Increments  (See  Data  0verflow  Pa9e) 

11.  RF  SELECTIVITY 

CALCULATED  [>3  MEASURED 

9.  FREQUENCY  TOLERANCE 

(U)  3  ppm 

10.  IF  SELECTIVITY 

1st  (U) 

2nd  (U) 

3rd 

a-  -3dB  (U)  120  kHz 

b-  "20dB  (U)  250  kHz 

(See  Data  Overflow  Page) 

a.  -3  dB 

400  kHz 

400  kHz 

b.  -20  dB 

622  kHz 

740  kHz 

c.  -60  dB 

d.  Preselection  Type 

(U)  Ceramic 

c.  -60  dB 

1260  kHz 

1600  kHz 

12.  IF  FREQUENCY 

13.  MAXIMUM  POST  DETECTION  FREQUENCY 

(U)  0.12000  MHz 

„  4  (U)  0.24395  MHz 

a.  1st  v  ' 

b.  2nd  (U)  10.700  MHz 

14.  MINIMUM  POST  DETECTION  FREQUENCY 

c.  3rd 

15.  OSCILLATOR  TUNED 

1st 

2nd 

3rd 

16.  MAXIMUM  BIT  RATE 

(U)  19200  bps 

a.  ABOVE  TUNED  FREQUENCY 

(U)X 

17.  SENSITIVITY  (U)  0.0001 

b.  BELOW  TUNED  FREQUENCY 

a.  SENSITIVITY  (U) -114  dBm 

c.  EITHER  ABOVE  OR  BELOW 
THE  FREQUENCY 

b.  CRITERIA  (U)BER- Bit  Error  Rate 

18.  DE-EMPHASIS 

b.  NO 

a.  YES  O  1 

c.  NOISE  FIG  (U)  4.00  dB 

19.  IMAGE  REJECTION 

(U)  50.0  dB 

d.  NOISE  TEMP  (U)438  K 

20.  SPURIOUS  REJECTION 

(U)  50.0  dB 

21.  REMARKS 
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RECEIVER  DATA  OVERFLOW  PAGE 

1.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  2.4  Ghz  OEM  Industrial  Wireless  Modem 


:i: 


182 


ANTENNA  EQUIPMENT  CHARACTERISTICS 


| _ |  a.  TRANSMITTING  | _ |  b.  RECEIVING  | _ |  c.  TRANSMITTING  AND  RECEIVING 

2.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO.  3.  MANUFACTURER'S  NAME 

(U)  10'  Mesh  Parabolic  Reflector  (U)  M2  ANTENNA  SYSTEMS  INC _ 

5.  TYPE  (U)  Parabolic  Reflector 

4.  FREQUENCY  RANGE  - — - 

(U)  2400.0 -2483.5  MHz  7.  SCAN  CHARACTERISTICS _ 

a.  TYPE 

6.  POLARIZATION  - 

(U)  Right  and  Left  Hand  Circular  b.  VERTICAL  SCAN  (U)  Mechanically  Steerable 

8.  GAIN _ 

a.  MAIN  BEAM 

(U)  37.8  dBi 

b.  1st  MAJOR  SIDE  LOBE 

Horz.(U)  11.8  dBi  Actual  Vert.(U)  11.8  dBi  Actual 

9.  BEAMWIDTH _ 

a.  HORIZONTAL 

(U)  2.80  degrees 

b.  VERTICAL 

(U)  2.80  degrees 

10.  REMARKS 
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CLASSIFICATION 


UNCLASSIFIED 


PAGE  10 


ANTENNA  EQUIPMENT  CHARACTERISTICS 


□  a. 


TRANSMITTING 


□  b. 


RECEIVING 


□  c. 


TRANSMITTING  AND  RECEIVING 


2.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  NFS  CubeSat  Patch  Antenna  (See  Data  0verflow  Pase> 

3.  MANUFACTURER'S  NAME 

fU)  SPECTRUM  COMMUNICATIONS,  INC. 

5.  TYPE  (U)  Patch 

4.  FREQUENCY  RANGE 

(U)  2400.0 -2483.5  MHz 

7.  SCAN  CHARACTERISTICS 

a.  TYPE 

6.  POLARIZATION 

(U)  Right  Hand  Circular 

b.  VERTICAL  SCAN 

8.  GAIN 

(1)  Max  Elev 

a.  MAIN  BEAM 

(U)  4.20  dBi 

(2)  Min  Elev 

(3)  Scan  Rate 

b.  1st  MAJOR  SIDE  LOBE 

Horz.(U)-21.8  dBi  Actual  Vert.(U)  -21.8  dBi  Actual 

c.  HORIZONTAL  SCAN 

9.  BEAMWIDTH 

(1)  Sector  Scanned 

a.  HORIZONTAL 

(U)  110  degrees 

(2)  Scan  Rate 

d.  SECTOR  BLANKING  □(DYES  □  (2)  NO 

b.  VERTICAL 

(U)  110  degrees 

10.  REMARKS 
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UNCLASSIFIED 


SECURITY  SUMMARY  &  SPECIAL  HANDLING  REQUIREMENTS 

The  title  of  this  application  is  :  NAVAL  POSTGRADUATE  SCHOOL  CUBESAT  COMMUNICATIONS  SUBYSTEM 
The  overall  classification  of  this  application  is  :  UNCLASSIFIED 


Refer  to  your  Security  Manual  for  further  guidance. 


The  Application  Level  Special  Handling  is  :A 

Approved  for  public  release;  distribution  is  unlimited  (DoD  Directive  5230.24) 


DOWNGRADING  INSTRUCTIONS 
Special  Handling  Instruction  :A 
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APPLICATION  FOR  EQUIPMENT 

CLASSIFICATION 

DATE 

FREQUENCY  ALLOCATION 

UNCLASSIFIED 

4/7/2009 

PAGE  1 

DOD  GENERAL  INFORMATION 


TO  (U)  Department  of  The  Navy;  Navy-Marine 
Corps  Spectrum  Center;  2461 
Eisenhower  Ave.,  Suite  1202; 
Alexandria,  VA  22331-1400 


FROM  (U)  Naval  Postgraduate  School;  777  Dyer 
Road,  Rm-121;  Monterey,  CA;  93940 


1.  APPLICATION  TITLE 

2.  SYSTEM  NOMENCLATURE 


(U)  Naval  Postgraduate  School  CubeSat  Communications  Subystem 
(U)  Naval  Postgraduate  School  CubeSat  Ground  Station_2 


3.  STAGE  OF  ALLOCATION 


(U) 


a.  STAGE  1 
CONCEPTUAL 


b.  STAGE  2 
EXPERIMENTAL 


□ 


c.  STAGE  3 
DEVELOPMENTAL 


□ 


d.  STAGE  4 
OPERATIONAL 


4.  FREQUENCY  REQUIREMENTS 

a.  FREQUENCY (IES) 

b.  EMISSION  DESIGNATORS 


5.  TARGET  STARTING  DATE  FOR  SUBSEQUENT  STAGES 


a.  STAGE  2  (U)  4/1/2010 _  b.  STAGE  3 _ 

6.  EXTENT  OF  USE  (U)  12  Minutes  per  day;  when  satellite  is  in  Field  Of  View  of  Ground  Station 

7.  GEOGRAPHICAL  AREA  FOR 


c.  STAGE  4 


a.  STAGE  2 


b.  STAGE  3 

c.  STAGE  4 


8.  NUMBER  OF  UNITS 


a.  STAGE  2 


(U)  2 


b.  STAGE  3 


c.  STAGE  4 


9.  NUMBER  OF  UNITS  OPERATING  SIMULTANEOUSLY  IN  THE  SAME  ENVIRONMENT 


(U)  2 


10.  OTHER  J/F  APPLICATION  ID(S)  TO  BE 


— 

a.  SUPERSEDED 

THE  INSTRUCTIONS  FOR  PARAGRAPH  11? 

b.  RELATED 

a.  YES 

b.  NO 

1 1.  IS  THERE  ANY  OPERATIONAL  REQUI REMENT  AS  DESCRIBED  IN 

c.  N AVAIL 


12.  NAMES  AND  TELEPHONE  NUMBERS 


(U)  David  Rigmaiden  831-656-7539 


(U)  Matthew  Schroer  831-656-7522 


13.  REMARKS  (U) 

(U)  This  link  will  only  be  established  over  the  United  States. 


(U)  The  proposed  satellite  has  been  assigned  an  STP  number  of  NPS0801 . 


DOWNGRADING  INSTRUCTIONS 
Special  Handling  Instruction  :A 
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APPLICATION  FOR  FOREIGN 

CLASSIFICATION 

SPECTRUM  SUPPORT 

UNCLASSIFIED 

PAGE  2 

FOREIGN  COORDINATION  GENERAL  INFORMATION 


1.  APPLICATION  TITLE  (U)  Naval  Postgraduate  School  CubeSat  Communications  Subystem 

2.  SYSTEM  NOMENCLATURE  (U)  Naval  Postgraduate  School  CubeSat  Ground  Station_2 


3.  STAGE  OF  ALLOCATION  (U)  Q  a  STAGE  ,  [X]  b.  STAGE  2  □  o.  STAGE  3  □  d.  STAGE  4 

CONCEPTUAL  EXPERIMENTAL  DEVELOPMENTAL  OPERATIONAL 


4.  FREQUENCY  REQUIREMENTS 

a.  FREQUENCY(IES) 

b.  EMISSION  DESIGNATORS 

5.  PROPOSED  OPERATING  LOCATIONS  OUTSIDE  US&P 


6.  PURPOSE  OF  SYSTEM,  OPERATIONAL  AND  SYSTEM  CONCEPTS 

(U)  The  NPS  CubeSat  Ground  Station  will  allow  the  school  to  conduct  communications  with  any  Microhard 
2.4  Ghz  Frequency  Hopping  Spread  Spectrum  Radio  on  orbit.  The  ground  station  will  operate  in 
the  experimental  radio  service  per  Title  47,  Part  5.3. c  of  the  Code  of  Federal  Regulations. 


7.  INFORMATION  TRANSFER  REQUIREMENTS 

(U)  The  system  requires  a  2  Kbps  transfer  rate  for  all  primary  TT&C.  It  has  272  Channels  operating 
from  2.40 16-2.477.6  GHz.  Channel  s/frequencies  can  be  locked  out. 


8.  NUMBER  OF  UNITS  OPERATING  SIMULTANEOUSLY  IN  THE  SAME  ENVIRONMENT  (U)  2 


9.  REPLACEMENT  INFORMATION 

(U)  Not  Applicable 


10.  LINE  DIAGRAM  None 


11.  SPACE  SYSTEMS 


12.  PROJECTED  OPERATIONAL  DEPLOYMENT  DATE  (U)  3/1/2010 


13.  REMARKS  (U) 

(U)  This  link  will  only  be  established  over  the  United  States. 


(U)  The  proposed  satellite  has  been  assigned  an  STP  number  of  NPS0801 . 


DOWNGRADING  INSTRUCTIONS 


Special  Handling  Instruction  :A 
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CLASSIFICATION 


UNCLASSIFIED 


TRANSMITTER  EQUIPMENT  CHARACTERISTICS 


1.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX-2400  2.4  Ghz  OEM  Industrial  Mod  (SeeData  overflow 

3.  TRANSMITTER  INSTALLATION 


5.  TUNING  RANGE 

(U)  2400.0  MHz- 2483.5  MHz 

7.  RF  CHANNELING  CAPABILITY 

(U)  400.00  kHz  Increments 

9.  FREQUENCY  TOLERANCE 

(U)  3  ppm 

10.  FILTER  EMPLOYED 


11.  SPREAD  SPECTRUM 


13.  MAXIMUM  BIT  RATE 

(U)  175000  bps 


14.  MODULATION  TECHNIQUES  AND  CODING 

Digital 

16.  PRE-EMPHASIS 


a.  MEAN  (U)  0.100  W-(U)  1.00  W 


2.  MANUFACTURER'S  NAME 

(U)  MICROHARD SYSTEM,  INC. 

4.  TRANSMITTER  TYPE 

(U)  Spread  Spectrum  Communications 

6.  METHOD  OF  TUNING 

(U)  PLL  Synthesizer 

8.  EMISSION  DESIGNATORS 

(U)  80M0F7D 

12.  EMISSION  BANDWIDTH 


|  _|  CALCULATED  y><]  I 

a.  -3dB  (U)  210  kHz _ 

b.  -20  dB  (U)  350  kHz _ 

c.  -40  dB  (U)  695  kHz _ 

d.  -60  dB  (U)  1220  kHz _ 

e.  OC-BW  (U)  400.00  kHz _ 

15.  MAXIMUM  MODULATION  FREQUENCY 

(U)  87.000  kHz 


17.  DEVIATION  RATIO 


18.  PULSE  CHARACTERISTICS 


e.  COMP  RATIO 


20.  OUTPUT  DEVICE  - 

(U)  Other  21.  HARMONIC  LEVEL 

22.  SPURIOUS  LEVEL  _ a-  2nd _ 

(U)  -60.0  dB  b. 

23.  FCC  TYPE  ACCEPTANCE  NO.  OTHER 

(U) NS901 P5 

24.  REMARKS  (U) 

(U)  The  transmitter  of  the  CubeSat  will  only  be  active  when  commanded  by  the  ground  station  at 
Monterey,  CA.  Other  times,  the  trasceiverwill  be  listening.  The  satellite  is  expected 
to  pass  over  the  ground  station  3  times  a  day  with  an  average  pass  lasting  3  minutes.  Those 
time  periods  are  the  only  times  that  the  satellite  will  be  transmitting 
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CLASSIFICATION 


PAGE  4 


UNCLASSIFIED _ 

TRANSMITTER  DATA  OVERFLOW  PAGE 

I.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX-2400 

II.  SPREAD  SPECTRUM 

Modulation  (U)80M0F7D  is  Spread  Spectrum 
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UNCLASSIFIED 


PAGE  5 


TRANSMITTER  EQUIPMENT  CHARACTERISTICS 


1.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX-2400  2.4  Ghz  OEM  Indsutrial  Mod  <See  Data  0verflow  Pa9®) 

2.  MANUFACTURER'S  NAME 

(U)  MICROHARD SYSTEM,  INC. 

3.  TRANSMITTER  INSTALLATION 

4.  TRANSMITTER  TYPE 

(U)  Spread  Specrtrum  Communications 

5.  TUNING  RANGE 

(U)  2400.0  MHz- 2483.5  MHz 

6.  METHOD  OF  TUNING 

(U)  PLL  Synthesizer 

8.  EMISSION  DESIGNATORS 

(U)  80M0F7D 

7.  RF  CHANNELING  CAPABILITY 

(U)  400.00  kHz  Increments 

12.  EMISSION  BANDWIDTH 

CALCULATED  [><]  MEASURED 

9.  FREQUENCY  TOLERANCE 

(U)  3  ppm 

10.  FILTER  EMPLOYED 

a.  -3  dB  (U)  210  kHz 

11.  SPREAD  SPECTRUM  (See  Data  Overflow  Page) 

1X1  a.  YES  O  b.  NO 

b.  -20  dB  (U)  350  kHz 

c.  -40  dB  (U)  695  kHz 

d.  -60  dB  (U)  1220  kHz 

13.  MAXIMUM  BIT  RATE  See  Remarks 

(U)  175000  bps 

e.  OC-BW  (U)  400.00  kHz 

15.  MAXIMUM  MODULATION  FREQUENCY 

(U)  87.000  kHz 

14.  MODULATION  TECHNIQUES  AND  CODING 

Digital 

17.  DEVIATION  RATIO 

(U)  2.00 

16.  PRE-EMPHASIS 

a.  YES  O  b.  NO 

18.  PULSE  CHARACTERISTICS 

19.  POWER 

a.  RATE 

a.  MEAN  (U)  0.100  W-(U)  10.0  W 

b.  WIDTH 

b.  PEP 

c.  RISE  TIME 

c.  CARRIER 

d.  FALL  TIME 

e.  COMP  RATIO 

20.  OUTPUT  DEVICE 

(U)  Other 

21.  HARMONIC  LEVEL 

22.  SPURIOUS  LEVEL 

(U)  -60.0  dB 

a.  2nd  fU)  -27.0  dB 

b. 

23.  FCC  TYPE  ACCEPTANCE  NO. 

(U)  NA907P22 

OTHER 

24.  REMARKS  (U) 

(U)  The  ground  station  radio  is  the  same  as  the  on  orbit  radio.  The  ground  station  will  add  a 
High  Power  Amplifier  at  10  Watts  to  increase  the  power  out  and  allow  the  ground  station  to 
close  the  link  with  the  satellite  in  order  to  command  the  satellite  and  downlink  telemetry 
files. 
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CLASSIFICATION 


PAGE  6 


UNCLASSIFIED _ 

TRANSMITTER  DATA  OVERFLOW  PAGE 

I.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX-2400 

II.  SPREAD  SPECTRUM 

Modulation  (U)80M0F7D  is  Spread  Spectrum 
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UNCLASSIFIED 
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UNCLASSIFIED 


RECEIVER  EQUIPMENT  CHARACTERISTICS 


1.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  MHX2420  2.4  Ghz  OEM  Industrial  Mod  <See  Data  0verflow 

3.  RECEIVER  INSTALLATION 


5.  TUNING  RANGE 

(U)  2400.0  MHz- 2483.5  MHz 


7.  RF  CHANNELING  CAPABILITY 

(U)  400.00  kHz  Increments 

9.  FREQUENCY  TOLERANCE 

(U)  3  ppm 


12.  IF  FREQUENCY _ 

a  1st  (U)  10.700  MHz 

b  2nd  (U)  0.11060  MHz 

c.  3rd _ 

15.  OSCILLATOR  TUNED _ 

a.  ABOVE  TUNED  FREQUENCY 

b.  BELOW  TUNED  FREQUENCY 

c.  EITHER  ABOVE  OR  BELOW 

THE  FREQUENCY _ 

18.  DE-EMPHASIS 

EH  a-  YES  El 

19.  IMAGE  REJECTION 

(U)  50.0  dB 

21.  REMARKS 


2.  MANUFACTURER'S  NAME 

(U)  MICROHARD SYSTEM,  INC. 

4.  RECEIVER  TYPE 

(U)  FM 

6.  METHOD  OF  TUNING 

(U)  PLL  Synthesizer 


10.  IF  SELECTIVITY 

1st  (U) 

2nd  fU) 

3rd 

(See  Data  Overflow  Page) 

a.  -3  dB 

280  kHz 

1150  kHz 

b.  -20  dB 

650  kHz 

3400  kHz 

c.  -60  dB 

1250  kHz 

16000  kHz 

8.  EMISSION  DESIGNATORS 

(U)  80M0F7D 

11.  RF  SELECTIVITY 

CALCULATED 

XI  MEASURED 

a.  -3  dB 

(U)  400  kHz 

b.  -20  dB 

(U)  600  kHz 

c.  -60  dB 

(U)  3400  kHz 

d.  Preselection  Type 

_ (U)  Front  end  LC  Filter _ 

13.  MAXIMUM  POST  DETECTION  FREQUENCY 

(U)  0.087000  MHz 

14.  MINIMUM  POST  DETECTION  FREQUENCY 

(U)  0.058000  MHz 


16.  MAXIMUM  BIT  RATE 

(U)  175000  bps 

17.  SENSITIVITY 

(U)  0.00001 

a.  SENSITIVITY 

(U)  -105  dBm 

b.  CRITERIA 

(U)  BER-  Bit  Error  Rate 

c.  NOISE  FIG 

(U)  5.00  dB 

d.  NOISE  TEMP 

(U) 627  K 

20.  SPURIOUS  REJECTION 

(U)  60.0  dB _ 
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CLASSIFICATION 

UNCLASSIFIED 

PAGE  9 

ANTENNA  EQUIPMENT  CHARACTERISTICS 

1  Da.  TRANSMITTING  O  b.  RECEIVING  O  c. 

TRANSMITTING  AND  RECEIVING 

2.  NOMENCLATURE,  MANUFACTURER'S  MODEL  NO. 

(U)  10'  Mesh  Parabolic  Reflector 


4.  FREQUENCY  RANGE 

(U)  2400.0 -2483.5  MHz 


6.  POLARIZATION 

(U)  Right  and  Left  Hand  Circular 


a.  MAIN  BEAM 

(U)  37.8  dBi 

b.  1st  MAJOR  SIDE  LOBE 

Horz.(U)  11.8  dBi  Actual  Vert.(U) 

9.  BEAMWIDTH _ 

a.  HORIZONTAL 

(U)  2.80  degrees 

b.  VERTICAL 

(U)  2.80  degrees 

10.  REMARKS 


3.  MANUFACTURER'S  NAME 

(U)  M2  ANTENNA  SYSTEMS  INC _ 

5.  TYPE  (U)  Parabolic  Reflector 

7.  SCAN  CHARACTERISTICS _ 

a.  TYPE 

b.  VERTICAL  SCAN  (U)  Mechanically  Steerable 

(1)  Max  Elev 

(2)  Min  Elev 

(3)  Scan  Rate 

c.  HORIZONTAL  SCAN(U)  Mechanically  Steerable 

(1)  Sector  Scanned  (U)  360  degrees 

(2)  Scan  Rate 

d.  SECTOR  BLANKING  I  . . 
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